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ABSTRACT
The Standard Model (SM) of particle physics gives a comprehensive description of numer-
ous phenomena concerning the fundamental components of nature. Still, open questions
and a clouded understanding of the underlying structure remain. Supersymmetry is a
well motivated extension that may account for the observed density of dark matter in the
universe and solve the hierarchy problem of the SM.
The minimal supersymmetric extension of the SM (MSSM) provides solutions to these
challenges. Furthermore, it predicts new particles in reach of current experiments. However,
the model has its own theoretical challenges and is under fire from measurements provided
by the Large Hadron Collider (LHC).
Nevertheless, the concept of supersymmetry has an elegance which not only shines in
the MSSM. Hence, it is also of interest to examine non-minimal supersymmetric models.
They have benefits similar to the MSSM and may solve its shortcomings. R-symmetry is the
only global symmetry allowed that does not commutate with supersymmetry and Lorentz
symmetry. Thus, extending a supersymmetric model with R-symmetry is a theoretically
well motivated endeavor to achieve the complete symmetry content of a field theory. Such
a model provides a natural explanation for non-discovery in the early runs of the LHC and
leads to further predictions distinct from those of the MSSM.
The work described in this thesis contributes to the effort by studying the minimal
R-symmetric supersymmetric extension of the SM (MRSSM). Important aspects of its
physics and the dependence of observables on the parameter space of the MRSSM are
investigated.
The discovery of a scalar particle compatible with the Higgs boson of the SM at the LHC
was announced in 2012. It is the first and crucial task of this thesis to understand the
underlying mechanisms leading to the correct Higgs boson mass prediction in the MRSSM.
Then, the relevant regions of parameter space are investigated and it is shown that they
are also in agreement with other Higgs observables. Another observable that is measured
with great accuracy and especially sensitive to corrections from additional supersymmetric
states is the mass of the W boson. Contributing effects within the MRSSM are identified
and their dependency on the model parameters is studied.
The presence of a stable supersymmetric particle as candidate for dark matter is a
prediction of the MRSSM. The interplay of the relevant processes generating the correct
abundance of dark matter in the universe and explaining the non-discovery by direct
searches is investigated. Moreover, results of Run 1 of the LHC are used to study the
electroweak MRSSM sector. This leads to a classification of viable regions of parameter
space consistent with dark matter and LHC constraints.
In the last part of this thesis the different observables are analyzed in coherence. This
allows to identify valid regions of parameter space and highlights promising predictions of
the MRSSM for the coming runs of the LHC and other experiments.
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KURZDARSTELLUNG
Das Standardmodell (SM) der Elementarteilchenphysik liefert eine prägnante Beschreibung
der Phänomene, welche die grundlegenden Bestandteile der Natur betreffen. Es verbleiben
aber weiterhin offene Fragen und eine fehlende Einsicht in die zugrunde liegenden Struk-
turen. Supersymmetrie ist eine wohl begründete Erweiterung, welche es ermöglicht die
beobachtete dunkle Materiedichte im Universum zu erklären und das Hierarchieproblem
des SM zu lösen.
Die minimale supersymmetrische Erweiterung des SM (MSSM) besitzt diese Eigen-
schaften. Darüber hinaus sagt es neue Teilchen in Reichweite aktueller Experimente vorher.
Die eigenen theoretischen Herausforderungen des Modells und Einschränkungen durch
Messungen am Large Hadron Collider (LHC) schränken es jedoch stark ein.
Dennoch birgt das Konzept der Supersymmetrie eine Eleganz, die eine ansprechende
Grundlage für weitere Modelle bietet. Daher ist es auch von Interesse, nicht-minimale
supersymmetrische Modelle zu untersuchen. Diese bieten mit dem MSSM vergleichbare
Vorteile und können dessen Diskrepanzen auflösen. R-Symmetrie ist die einzig mögliche
globale Symmetrie, die nicht mit Super- und Lorentzsymmetrie kommutieren. Ein auf diese
Weise konstruiertes Modell enthält somit alle grundlegenden Symmetrien einer Feldtheorie.
Durch die Inklusion von R-Symmetrie können die bisherige Nichtentdeckung am LHC erklärt
und vom MSSM unterscheidbare Vorhersagen gemacht werden.
In dieser Arbeit wird die Untersuchung des minimale R-symmetrische supersymme-
trische Erweiterung des SM (MRSSM). Wichtige Aspekte der Phänomenologie und die
Abhängigkeit der Observablen von den Parametern des MRSSM werden untersucht.
Die Entdeckung eines skalaren Teilchens kompatibel mit dem Higgs-Boson des SM am
LHC wurde im Jahre 2012 bekannt gegeben. Die Untersuchung der zugrunde liegenden
Mechanismen, welche die Masse des Higgs Bosons im MRSSM korrekt verwirklichen,
ist Hauptbestandteil des erste Teils dieser Arbeit. Dabei wird der Parameterraum des
Modells untersucht und gezeigt, dass auch Übereinstimmung mit weiteren Observablen
der Higgsphysik möglich ist. Ein weitere wichtige Messgröße, welche mit hoher Genauigkeit
bestimmt und empfindlich auf Beiträge supersymmetrischer Teilchen ist, ist die Masse des
W Bosons. Beiträge innerhalb des MRSSM werden identifiziert und ihre Abhängigkeit von
Modellparametern untersucht.
Die Existenz eines stabilen supersymmetrischen Teilchens als Kandidat für dunkle Ma-
terie ist eine Vorhersage des MRSSM. Es wird untersucht, wie die relevanten Prozesse
zusammenspielen, um die korrekte Dichte an dunkler Materie im Universum zu erzeugen
und die Nichtentdeckung bei direkte Suche zu erklären. Des weiteren werden die ers-
ten Ergebnisse des LHC verwendet, um den elektroschwachen Sektor des MRSSM zu
untersuchen.
Im letzten Teil dieser Arbeit wird das Zusammenspiel verschiedener Observablen analy-
siert. Auf diese Weise können erlaubte Parameterregionen festgestellt und Vorhersagen
für zukünftige Experimente gemacht werden.
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1. INTRODUCTION
The ambition of elementary particle physics is to describe the fundamental building blocks
of the universe and their respective interactions contained by an overarching theory. The
Standard Model of particle physics (SM) is the most compact and accurate theory of
fundamental forces known to date. The SM contains all known elementary particles and
their respective interactions. The mechanism of spontaneous symmetry breaking is used
to generate masses for the fields, and a remnant of the Higgs mechanism is the prediction
of a fundamental scalar particle, the Higgs boson.* Only in 2012, a valid candidate for this
state has been found at the Large Hadron Collider (LHC).
With the discovery of the Higgs boson the last missing piece of the SM is unveiled.
However, it is also clear that the SM can not be the final description of nature. The SM
faces experimental and theoretical challenges which will be addressed at the TeV scale.
From astrophysical evidence it is known that around 80% of the universe’s matter content
does not interact electromagnetically. One interpretation is that this is made up of unknown
elementary particles, commonly called dark matter. There is no viable candidate in the SM
for dark matter, and even as it has not been detected directly, an extension of the SM is
required to explain the astrophysical observations.
The Higgs boson is the only fundamental scalar in the SM. Its mass is not protected
by any symmetry allowing for quantum corrections from all scales to affect it. Gravity
becomes important for particle physics at the Planck scale.† If there is no new physics up to
this scale it can be expected that the mass of the Higgs boson receives radiative quantum
contributions of the order of the Planck scale and therefore should be in magnitude close to
it. The measured value is below the TeV scale and this discrepancy between the theoretical
expectation and experimental result is known as the hierarchy problem of the SM.
Supersymmetry (SUSY) is a well motivated extension of the SM solving some of its
problems. SUSY provides a connection between the bosons and the fermions and leads
to the same number of bosonic and fermionic degrees of freedom in a theory. Imposing
SUSY onto the SM then requires additional fields in the model to achieve this equilibrium.
The hierarchy problem of the SM is solved by SUSY with the addition of new quantum
corrections to the Higgs boson mass. The contributions from fermionic and bosonic states
combine in such a way that the scale dependency is diminished.
*This is the usually utilized short form for Brout–Englert–Guralnik–Hagen–Higgs–Kibble mechanism.
†Experiments with energies in the TeV range probe distances as small as 10−17 cm. Gravity becomes relevant
at distances of 10−33 cm or energies of 1015 TeV, known as the Planck scale.
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1. Introduction
To explain dark matter in the context of a supersymmetric model an additional symmetry
needs to be imposed. In the minimal SUSY extension of the SM (MSSM) this is a discrete
symmetry separating the SM fields from the new states. Another possibility is the
introduction of R-symmetry. It is the only allowed continuous symmetry that commutes
with SUSY and distinguishes between the known SM fields and their supersymmetric
partners. The inclusion of R-symmetry maximizes the symmetry content of SUSY model.
R-symmetry is incorporated in the Minimal R-symmetric SUSY Standard Model (MRSSM)
and leads to a dark matter candidate being realized in the model.
The MSSM is a well established model and its phenomenology has been studied
extensively in the past. This is not true for the MRSSM. Features of the model have been
studied before individually, but not the interplay of several distinct aspects. This is the
goal of this thesis. This avenue of research is of interest as the MRSSM makes novel
predictions. For example, the additional fermionic states are not of Majorana nature as in
the MSSM but rather Dirac type. A Dirac fermion, unlike Majorana states, is not its own
antiparticle. Hence, the number of degrees of freedom for certain SUSY states is doubled,
when comparing both models. This leads to distinct experimental signatures and an unique
connection between the bosonic and fermionic sector of the model.
This thesis is structured as follows: In chapter 2 the concepts of SUSY and R-symmetry
are introduced, and it is described how they can be used to extend the SM solving the
aforementioned problems introducing the MRSSM. The technical details are described in
chapter 3. It is shown how the MRSSM is matched to experiment and how a consistent
quantum field theoretical calculation is carried out leading to meaningful predictions. Finally,
two relevant scenarios are identified which illustrate regions in parameter space with an
interesting phenomenology.
One of the foremost predictions of every realistic SUSY model is the mass of the Higgs
boson. It is a free parameter in the SM but not in the MSSM or MRSSM. As the candidate
for this state has been recently discovered at the LHC, it is of prime interest to understand
whether or not the prediction of the MRSSM can be brought in agreement with the
experimental measurement. This is done in chapter 4. There, the underlying mechanism
to generate the mass in the MRSSM is analyzed. Moreover, a study of further Higgs
observables is performed to understand singular properties of the benchmark scenarios.
Even as introducing SUSY solves several of the SM’s problems, every model faces the
challenge to describe all previous experimental observations to the same degree as the
SM. This is the focus of chapter 5. There, the mass of the W boson is used to ensure
that additional MRSSM contributions to electroweak precision observables stay within the
experimental uncertainties.
In chapter 6 the lightest neutralino is identified as a valid dark matter candidate of the
MRSSM. The precisely measured dark matter relic density and results from direct searches
are used to identify the relevant processes of (co)annihilation and the mass range of the
dark matter candidate.
The requirement of SUSY introduces a multitude of additional states and, to solve the
hierarchy problem of the SM, several of them should be within reach of the LHC. In
chapter 7 the results of Run 1 of the LHC are used to investigate the electroweak MRSSM
sector. Differences in the LHC phenomenology of the MSSM and MRSSM are identified.
The results from all the studies are combined in chapter 8, and the correlations of
the different observables are analyzed. Understanding of the interplay of all states and
parameters in model allows then to identify the viable parameter regions of the MRSSM.
2
2. SUPERSYMMETRY
Supersymmetry (SUSY) at the TeV scale is a well motivated extension of the Standard
Model of particle physics (SM). It solves several of the SM’s shortcomings. For example, it
provides a solution to the hierarchy problem, and a SUSY model can include a candidate for
dark matter. With an extended particle content it gives rise to an interesting phenomenology
accessible by experiment. In this chapter a comprehensive introduction to supersymmetry
is given highlighting the relevance of R-symmetry, which is the central topic of this thesis.
2.1. THE STANDARD MODEL AND BEYOND
Studying supersymmetry at the TeV scale is not possible without knowing about its low
energy limit, the SM. Hence, a short summary of the SM is given here and certain relations
of it are highlighted through this work when recovered from a supersymmetric model.
The SM contains all known elementary particles and describes all known non-gravitational
forces on a quantum level. Quantum Chromodynamics (QCD) gives rise to the strong
force while electromagnetism and the weak force are unified in the electroweak force
and masses for the elementary particles are generated using spontaneous electroweak
symmetry breaking.*
The SM is a quantum field theory and, following Yang and Mills [1], has internal sym-
metries described by a non-simple Lie group. This gauge group is the well-known
SU(3)C × SU(2)L × U(1)Y , where the indices stand for color (C), left-handed chirality (L)
and hypercharge (Y). Elementary particles are described by fields of the theory and their
excitations, each in a certain representation of the Lie and the Poincaré group. There is a
vector field in the adjoint representation for each simple sub-group. The fermionic matter
fields are known as leptons ` and quarks q, transforming trivially or non-trivially under the
SU(3)C, respectively. The scalar SU(2)L Higgs doublet gives rise to electroweak symmetry
breaking [2–7]. This yields massive vector bosons Zµ, W±µ , the massive scalar Higgs boson
h0 and the massless photon Aµ of quantum electrodynamics [8]. The gluon gµ remains
massless as QCD is not affected by the symmetry breaking. The masses of the matter
fields originate from their Yukawa couplings to the Higgs doublet.
*In this thesis, neutrinos are assumed to be massless as their masses are so far observed only indirectly
via the phenomenon of neutrino oscillations and their nature as either Dirac or Majorana fermions is yet
unknown. Either way, these masses give rise to an extension of the SM as we know it. This is rather a
problem at the low energy frontier and not in the focus of this work.
3
2. Supersymmetry
Over the decades, numerous predictions of the SM have been verified experimentally and
the SM is consistent with many measurements. Still, there are a number of observations
which can not be explained. In the following, some points are given where supersymmetry
provides solutions to some of the SM’s problems.
Amongst other, supersymmetric models can provide a candidate for dark matter [9,
10]. Dark matter is the dominant matter component of the known universe that does not
interact electromagnetically and for which astrophysical evidence exists [11]. Dark matter
can be provided in a SUSY model if there is a new particle that is stable and has no electric
charge. An example of another observable where the SM prediction is in conflict with the
experiment measurement is the anomalous magnetic moment of the muon. In a SUSY
model additional contributions exist so that agreement is possible [12, 13].
On the theoretical side, SUSY at the TeV scale may give a solution to the hierarchy
problem [14–17], asking why the weak force is much stronger than the gravitational one.
Phrased as a fine-tuning problem, it is not clear why the Higgs boson mass is so small
compared to the Planck scale. As the Higgs boson is a scalar and its mass is not protected
by any symmetry, the mass receives corrections that generally depend quadratically on
a new scale where physics beyond the Standard Model becomes important. Without
other extensions to the SM this scale is the Planck scale MP = O(1019 GeV) when the
gravitational force becomes comparable to the other forces and large cancellations need to
happen to tune the mass to the electroweak scale v = O(102 GeV) as it is seen at the LHC.
If the SM is extended by SUSY, both these problems can be resolved as new particles
connected to the ones of the SM by a symmetry between fermionic and bosonic degrees of
freedom are introduced. This removes the quadratic divergence of the radiative corrections
of the fine tuning problem via new contributions. Additionally, if there is another new
symmetry in the SUSY model such that the lightest supersymmetric particle (LSP) is stable,
the model provides a dark matter candidate. This symmetry may, for example, be the
matter parity in the Minimal Supersymmetric Standard Model (MSSM) or R-symmetry in
the Minimal R-symmetric Supersymmetric Standard Model (MRSSM). In the following, the
mathematical basics for supersymmetry and R-symmetry are presented.
2.2. GENERAL CONSIDERATIONS ON SUPERSYMMETRY
Special relativity is imposed on a quantum field theory by means of the space-time sym-
metry given by the Poincaré group. The Poincaré algebra is defined by the following
commutation relations of its generators Pµ (translation group) and Jµν (Lorentz group) with
Jµν = −Jνµ:
[Pµ, Pν ] = 0 ,
[Pµ, Jρσ] = i(gµρPσ − gµσPρ) , (2.1)
[Jµν , Jρσ] = i(gνρJµσ + gµσJνρ − gµρJνσ − gνσJµρ) .
For a realistic quantum field theory, this algebra can not be enlarged non-trivially by im-
posing further bosonic generators with commutation relations for a realistic quantum field
theory [18, 19]. Following the Haag–Łopuszański–Sohnius theorem [20], it is however pos-
sible to introduce fermionic generators with anti-commutation relations. These generators
Qiα with {i = 1 . . . N, α = 1, 2} transform in the spinor representation of the Lorentz group.
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2.2. General considerations on supersymmetry
Only N=1-supersymmetric quantum field theories can be used to describe chiral fields [21],
which are needed to incorporate the Standard Model in the framework of supersymmetry.
Therefore, this work is limited to N=1 SUSY models.
2.2.1. SUPER–POINCARÉ ALGEBRA
The additional anti-commutation and commutation relations for the spinor generators
Qα, Qα̇ that closes with the Poincaré algebra (2.1) to the super–Poincaré algebra are























As usual, the generator Pµ gives rise to translations in space-time. It is actually possible to
extend the space-time by fermionic coordinates on which Qα, Qα̇ generate translations as
motivated by the last commutator in the super–Poincaré algebra . The details for this are
given in the next section.
R-SYMMETRY
The super–Poincaré algebra given by eqs. (2.1) and (2.2) is actually not the most general
N=1 SUSY algebra that can be written down. It is possible to introduce a U(1) symmetry,
called R-symmetry, whose generator is denoted as R and has non-vanishing commutation







= −Qα̇ . (2.3)
All other commutators of R vanish. If this symmetry is included in a model superfields,
introduced in the next section, have non-trivial transformation properties and certain
interactions normally allowed by supersymmetry are forbidden.
2.2.2. SUPERSPACE AND SUPERFIELDS
As stated before the additional generators Qα, Qα̇ and their (anti-)commutation relations
can be interpreted as a way to extend the space-time, represented by xµ, by two spinor
spaces with the Grassmann-valued elements (θα, θα̇) , α, α̇ ∈ {1, 2}. The resulting space
is called superspace with elements z = (xµ, θα, θα̇). A SUSY transformation by ε, ε affects
superspace coordinates as
(xµ, θ, θ)→ (xµ + iεσµθ + iεσµθ, θ + ε, θ + ε) . (2.4)
Using that θα, θα̇ are Grassmann numbers, a field on the superspace F (z), called superfield,
may be expanded into a finite series as
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where f , ξ, M, N, Aµ, λ, ζ, χ and D are fields on Minkowski space. The supersymmetry
transformation of the superfield is
F → F + i(εQ + Qε)F (2.6)
and leads to the representation of the generators Qα, Qα̇ as
Qα = i
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The representation of Pµ on Minkowski space is given as usual by the space-time derivative
Pµ = i∂µ. As the Qα, Qα̇ do not commute with the derivatives ∂β and ∂β̇ , the latter can not
be used to constrain the general superfield F in a SUSY-covariant way. SUSY-covariant
derivatives may be defined as
Dα := ∂α − iσµαα̇θ
α̇∂µ , Dα̇ := −∂α̇ + iθασµαα̇∂µ . (2.8)
The definition of R-symmetry by the commutators (2.3) on superspace follows refs. [22,
23]. A generic superfield F with the arbitrary charge Qr under the U(1)R, called R-charge,
transforms as
eiτRF (xµ, θ, θ)e−iτR = eiτQr F (xµ, e−iτθ, eiτθ) , (2.9)
where τ is the phase of the transformation. It can be seen that the fermionic coordi-
nates θ and θ transform with an R-charge of one and minus one, respectively. With the
transformation (2.9) it is possible to find a representation of R on the superspace as
R = θα∂α − θα̇∂α̇ + R . (2.10)
The operator R gives the R-charge of the component fields of F and commutes with all
operators of the super–Poincaré algebra. It can be shown easily that the representation of
R satisfies the commutation relations (2.3) with the representations for Qα, Qα̇.
The relevant superfields for building realistic supersymmetric models are introduced in
the following: the chiral/anti-chiral superfields and the vector superfields. For these cases
also the properties with regard to R-symmetry are discussed.
CHIRAL SUPERFIELDS
With the supersymmetry-covariant derivatives (2.8) chiral and anti-chiral superfields Φ and
Φ† are defined by
Dα̇Φ = 0 , DαΦ† = 0 . (2.11)
When using the chiral superspace coordinate yµ = xµ−iθσµθ and switching to the coordinate
system (yµ, θα, θα̇), the derivative Dα̇ becomes −∂α̇ and a chiral superfield can be written
simply as
Φ(y, θ, θ) = φ(y ) +
√
2θψ(y ) + θθF (y ) . (2.12)
Expanded to the normal superspace coordinates, the (anti-)chiral superfields take the form
Φ(z) = φ(x) +
√
2θψ(x) + θθF (x)
6
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The Weyl-spinor ψ(x) and complex scalar field φ(x) are a pair of superpartners. The scalar
field F (x) is a complex auxiliary field. It is needed to provide additional bosonic fermionic
degrees of freedom (d.o.f.) if the on-shell equations of motion can not be used to reduce the
number of fermionic d.o.f.. This ensures the validity of the supersymmetry transformations.
For supersymmetric extensions of the SM, matter and Higgs fields are represented by
chiral superfields. The fermionic superpartner of the Higgs field is called higgsino, while the
scalar superpartners of the quarks and leptons are called squarks and sleptons, respectively.
The R-charge of a chiral superfield can be chosen freely. The consequential charges of
the component fields follow from the fact that θ has an R-charge of one. Then, the scalar
component field has the same R-charge as its superfield, while the fermionic components
R-charge is reduced by one and the auxiliary fields R-charge by two.
VECTOR SUPERFIELDS
A vector superfield V (z) is defined to be a real superfield, V † = V . A general superfield (2.5)
is therefore a vector superfield if f , Aµ and D are real functions and χ = ξ, N = M*, ζ = λ.
Moreover, a vector superfield may be constructed as i(Λ − Λ†), where Λ is a chiral
superfield. Using this, a supergauge transformation of a vector superfield may be defined
as
V → V + iΛ − iΛ† . (2.14)
With a certain choice of this transformation, called the Wess–Zumino gauge, it is possible
to set f , M and ξ to zero, but still to retain the freedom of an usual gauge transformation
of the vector field Aµ(x). In the Wess–Zumino gauge, the vector superfield V then takes
the form
V (z) = θσµθAµ(x) + θθ θλ(x) + θθ θλ(x) +
1
2
θθ θθD(x) . (2.15)
Here, λ(x) and Aµ(x) are the set of superpartners, while D(x) is the corresponding auxiliary
field. For supersymmetric extensions of the SM, the gauge fields are contained each in a
vector superfield. The field Aµ(x) is a gauge boson, while the fermionic superpartner λ(x) is
typically called a gaugino.
The condition of being a real field fixes the R-charge of every vector superfield to be
zero, else the transformation (2.9) could introduce a complex phase. Then, the vector
component field has an R-charge of zero, as is suitable for a gauge field, and the fermionic
superpartner has an R-charge of one.
2.2.3. SUPERSYMMETRIC LAGRANGIAN
Superfields which can contain the usual matter fields (chiral superfields) and gauge fields
(vector superfields) have been defined in the previous part. In this section a description is
7
2. Supersymmetry
θα θα̇ ∂α Dα d2θ W W aα Φ (R-charge QR) V (R-charge 0)
φ ψα F Aµ λα D
1 −1 −1 −1 −2 2 1 QR QR − 1 QR − 2 0 1 0
Table 2.1. R-charges of different superspace objects appearing in the text. The last two
are the chiral and vector superfield with their respective component fields.
given how these fields can be brought together to describe interactions. A summary of
the R-charges of elements of superspace expressions, which are needed in the following,
appearing in a supersymmetric Lagrangian density is given in tab. 2.1.
The integral of a general superfield F over the full superspace yields a SUSY-invariant







d2θ F (x, θ, θ) , δεS = 0 , (2.16)
as the transformations by the Qα, Qα̇ from eq. (2.7) give total derivatives, which vanish









, d4θ := d2θ d2θ . (2.17)









d4θ δ2(θ)Φ(x, θ, θ) . (2.18)
As the sum and product of superfields are also superfields, it allows to find a Lagrangian





d2θ F (x, θ, θ) . (2.19)
If the theory is supposed to be R-symmetric, the Lagrangian density must be invariant
under R-symmetry transformation and, as d2θ d2θ does not pick up a phase, the superfield
F must not carry any R-charge. This constrains the terms that may appear in L.
The sum and the product of chiral superfields is again a chiral superfield, respectively.
Therefore, it is possible to define interactions between chiral superfields Φi for the action
(2.18) via the superpotential W(Φi )







with the symmetrized coefficient matrices ai , µi j and fi jk . The superpotential contains no
higher powers in Φi as those would give rise to non-renormalizable interaction terms in the
Lagrangian. For a real action S, F (z) in eq. (2.16) must be a vector superfield. Therefore

















2.2. General considerations on supersymmetry




must carry an R-charge of two as δ2(θ) transforms with an R-charge of minus two. An R-sym-
metric supersymmetric theory with a non-trivial superpotential must therefore contain at
least one chiral superfield that has a non-vanishing R-charge.
For gauge interactions, a non-abelian supergauge transformation for gauge multiplets of
chiral superfields is defined as
Φ→ e−iΛ(z)Φ , Dα̇Λa(z)T a = 0 ,
Φ† → Φ†e+iΛ†(z) , DαΛa†(z)T a = 0 , (2.22)
where Λ(z) ≡ 2gΛa(z)T a, T a is the generator of the gauge group, g the respective gauge
coupling, and Λa(z) is a chiral superfield in the adjoint representation. For the vector
superfield V ≡ 2gV aT a, interaction terms with the chiral superfields of the form (Φ†eVΦ)
may be achieved with the following gauge transformation
eV → e−iΛ†eV eiΛ , e−V → e−iΛe−V eiΛ† . (2.23)
The term (Φ†eVΦ) by itself is already R-symmetric.
Kinetic terms of the vector superfields are defined using chiral and anti-chiral field




DDe−V DαeV , Wα = 2gW aαT a , (2.24a)
W α̇ = −
1
4
DDeV Dα̇e−V , W α̇ = 2gW α̇aT a . (2.24b)
The field strengths transform gauge covariantly and the terms Tr[WαWα] and Tr[W α̇W α̇]






respects R-symmetry as does its
conjugate.
If the superpotential W defined by eq. (2.20) is supergauge invariant under the transfor-














d2θ W(Φ)|θ=0 + h. c. . (2.25)
The auxiliary F and D fields of the chiral and vector superfields may be eliminated from the












Their contributions then take the form










with t running over all gauge groups. These terms give the scalar potential of a supersym-
metric theory.
From all this follows that a supersymmetric Lagrangian density is defined by its gauge
symmetries, matter fields represented by chiral superfields and their superpotential.
2.2.4. SUSY BREAKING
The super–Poincaré algebra (2.2) implies that the mass operator, PµPµ, commutes with







= 0 . (2.28)
Hence, the superpartners contained in a superfield have the same mass in a fully supersym-
metric theory. As this is clearly falsified by experiment, supersymmetry must be broken.
To keep the positive effects of introducing supersymmetry in a theory, it is commonly
assumed that SUSY is only broken softly. Hence, only new parameters with a positive mass
dimension appear and no quadratic divergences in quantum corrections are introduced.
Explicitly, a softly SUSY breaking Lagrangian density is written as [24]





(Af )i jkφiφjφk −
1
2
(Bµ)i jφiφj + (Ca)iφi −
1
2




Here, φ is representing the scalar component field of a chiral superfield and λa the fermionic
component of a vector superfield. The a, f and µ parameter from the superpotential (2.20)
appear to show the similarity of the terms. This is usually taken as the general form of a
SUSY breaking Lagrangian density.
Actually, the Lagrangian density (2.27) does not have the most general form but additional










Ei jψiψj + h. c. , (2.30)
where ψ represents the fermionic component field of a chiral superfield. Terms proportional
to Dijk are in general not soft as they can contribute with quadratic divergences to the
tadpole of a complete scalar gauge singlet appearing in a model. Therefore, such a term
is only introduced if this issue can be avoided. The application of R-symmetry on the
soft breaking Lagrangian densities is straightforward as no Grassmann coordinates appear.
Hence, each term of eqs. (2.29) and (2.30) must have an R-charge of zero by itself. Because
of this and the fact that the superpotential has an R-charge of two, terms appearing in the
superpotential must not appear in a similar form in the soft breaking action as is usually
done for supersymmetric models.
For a realistic R-symmetric theory, the Majorana mass terms for the gauginos in (2.29)
have a non-vanishing R-charge and are therefore forbidden. As no massless superpartners
to the gluon or any other gaugino with a mass at the electroweak breaking scale have been
found, there must be another source for gaugino masses. Then, Dirac masses as in the
second term of eq. (2.30) need to be introduced.
Usually, it is assumed that soft SUSY breaking appears spontaneously such that the
ground state of the full SUSY theory is not supersymmetric, but SUSY is a symmetry of the
full theory. As the scalar potential in a SUSY theory is given by the F and D terms (2.27),
10
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if one of them has a vacuum expectation value (vev) in the ground state it follows that
supersymmetry is spontaneously broken. Another possibility is that the universe is in a
metastable SUSY breaking state [26, 27], which is not discussed here.
If a D term acquires a vev in a SUSY theory this is called Fayet-Iliopoulos breaking [28],
while for an F term it is known as O’Raifeartaigh breaking [29]. Both variants are described
in ref. [30] in more detail. There, the Nelson–Seiberg theorem [31] is noted in connection
with O’Raifeartaigh breaking. It states that if the global minimum of a theory is broken by
an F term and the superpotential is generic, then an unbroken R-symmetry exists in the
theory. As R-symmetric supersymmetry is the focus of this work, it might therefore be
assumed that O’Raifeartaigh breaking would be the preferred variant for model building.
As no (Majorana) gaugino mass terms, which have an R-charge of two, can arise in an
R-symmetric model, the only solution is the introduction of additional fields and Dirac mass
terms for gauginos. Until very recently [32], this was troublesome to achieve with F term
breaking, but from ref. [33] it is known that Dirac masses for gauginos can arise if a D term
from a U(1) symmetry acquires a vev.
This can be described by a spurion field strength Wα = θαD getting a vev 〈D〉. If it is
combined with a field strength of a gauge group W aα, which in chiral coordinate basis up to
order θ is given as






] a + (θθ) -terms , (2.31)
and a chiral superfieldΦ in the adjoint representation of this gauge group, given by eq. (2.12),
the resulting effective terms (using the chiral coordinate basis) yields a Dirac mass for the
fermionic component fields of the superfields. Additionally, the scalar component field and
























where M is the mass scale related to the symmetry breaking and the Dirac mass parameter
MD = 〈D〉M is introduced. The term with the commutator vanishes. Also the conjugate
expressions have to be added for the Lagrangian density and the part containing the D
term of a vector superfield is given as follows
LD =
√









where πk represents all scalar fields that transform non-trivially under the gauge group and













and the scalar potential has the same form as eq. (2.27) when written in terms of F and
D. The scalar potential receives an additional contribution from the Dirac mass parameter
when replacing the D term by eq. (2.34). This automatically gives rise to a mass term for
the scalar component of φa but not the pseudo-scalar one. Moreover, now trilinear scalar
11
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vertices appear with no counterpart in the MSSM but they have the structure as the Dijk
term in the Lagrangian density (2.30). In ref. [33] it was noted that the contribution (2.32) is
“super-soft” such that contributions through quantum effects to other soft breaking terms
are finite and do not even provide a logarithmic sensitivity on the UV scale as the soft
breaking Majorana mass terms do.
Considering the other SUSY breaking terms in eq. (2.29) it is possible to generate several
of them as super-soft operators using this Dirac mass term radiatively, see ref. [33], or
using an F term vev from a gauge or gravity mediated hidden sector as done in ref. [34].
As the focus of this work is of phenomenological orientation and not on the origin of
supersymmetry breaking, only a short summary of the latter option shall be given. The
spurion of the F term that acquires a vev is denoted as X̂ = θθF . Soft scalar masses can




Φ†i Φi 3 m2i |φi |2 , (2.35)
whereΦi represents the chiral superfields of the theory. Couplings of bilinears in superfields




ΦiΦj 3 Bi jφiφj , (2.36)
if allowed by all symmetries. An example for this is the Bµ term in the models discussed
below where ΦiΦj = ĤuĤd and also works for chiral superfields in the adjoint representation,
if ΦiΦj = Tr [T̂ T̂ ], where T̂ is an SU(2)L triplet. Such a term could also be generated from D




ΦiΦj 3 B′i jφiφj . (2.37)









d2θ µi jΦiΦj . (2.38)
If R-symmetry is required, it has to be ensured that the generated operator in the superpo-
tential has the correct R-charge of two.
With the introduction of soft SUSY breaking terms all elements are at hand to con-
struct supersymmetric models, which contain the Standard Model and can make realistic
predictions for experiments.
2.3. R-SYMMETRY FOR MODEL BUILDING
A supersymmetric model is fully specified if all its gauge symmetries, the chiral superfield
content and respective representation under the gauge symmetries, the corresponding
superpotential and the soft SUSY breaking Lagrangian density are given. Further, the use of
global symmetries, which constrain the superpotential or soft breaking terms, is possible
or even required for model building. The introduction of global symmetries is necessary for
example to avoid terms in the Lagrangian density leading to rapid proton decay.
12
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If supersymmetry is applied to the SM, the SU(3)C × SU(2)L × U(1)Y gauge symmetry
is taken over, introducing a vector superfield for each gauge field. As all matter fields of
the SM transform in a trivial or fundamental representation they can not be contained in
these vector superfields. Rather, for each matter field a chiral superfield is required. Special
care needs to be taken with the Higgs field, as with only one single chiral Higgs superfield
the fermionic component field would give rise to gauge anomalies. Therefore, a second
Higgs doublet superfield with the opposite hypercharge is introduced. This also allows
to include terms in the superpotential that, after electroweak symmetry breaking, yield
masses for all the fermionic matter fields. A summary of all the superfields of this minimal
supersymmetric extension of the SM field content is given in tab. 2.2.
The general superpotential and SUSY breaking Lagrangian density of these fields are
very lengthy and in the following only those in agreement with further global symmetries
are described. It has been shown before that a supersymmetric theory may also contain
an R-symmetry, which for (N=1) SUSY is a global U(1) symmetry, where the charges of the
component fields of a certain superfield are related as described in tab. 2.1. The introduction
of R-symmetry maximizes the symmetry content of the model and is a well-motivated
approach to model building. A natural idea would be to impose this symmetry on the
superpotential and SUSY breaking Lagrangian density of the superfield content given in
tab. 2.2.
With R-symmetry imposed, R-charges need to be assigned to the chiral superfields.
One possibility is to assume that all the SM matter fields carry an R-charge of zero as
do both scalar Higgs fields. Alternatively, the non-SM-like Higgs field Hd might have the
R-charge two to allow for a mass term of the Higgs fields in the superpotential. Then,
superpotential couplings of this field to the down-type matter fields are forbidden and the
corresponding fermion masses have to be generated radiatively. The Higgs field Hd can
therefore not acquire a vev, which would break R-symmetry [35]. This corresponds to a
scenario called the tanβ =∞ limit in the MSSM, which has been investigated in ref. [36].
Another possibility is to identify the R-charge with the lepton number L of one flavor and
one of the sneutrinos acquire a vacuum expectation value giving mass to the down-type
fermions. This scenario has been studied in refs. [37–40]. Each scenario has a different
superpotential as the R-charge assignment forbids certain terms from appearing, if they do
not have an R-charge of two. Option one has the following superpotential












U j , (2.39)
while for the second option it takes the form




U j + µ(HdHu) , (2.40)
and for the third option

















where a, b, c = e,µ, τ by convention of ref. [37].
The problem of giving masses to the gauginos which carry now a non-zero U(1) charge
and, therefore, can not be of Majorana type, remains for all these variants. There are
two ways to circumvent this. The first one is usually considered and leads to the Minimal
Supersymmetric Standard Model (MSSM). The set of unbroken symmetries of the model
13
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Superfield Component fields SU(3)C×
spin 0 spin 1/ 2 spin 1 SU(2)L × U(1)Y
Qi = (Qui Qdi )
T q̃iL = (ũiL d̃iL)T qiL = (uiL diL)T (3, 2, 16 )
U i ũ*iR u
C








Li = (Lνi Lei )
T ˜̀iL = (ν̃iL ẽiL)T `iL = (νiL eiL)T (1, 2, −12 )
E i ẽ*iR e
C
iR (1, 1, 1)
Hd = (H0d H
−
d )
T hd = (h0d h
−
d )
T h̃d = (h̃0d h̃
−
d )
T (1, 2, −12 )
Hu = (H+u H
0
u )
T hu = (h+u h
0
u)
T h̃u = (h̃+u h̃
0
u)
T (1, 2, 12 )
ga g̃a gaµ (8, 1, 0)
W j W̃ j W jµ (1, 3, 0)
B B̃ Bµ (1, 1, 0)
Table 2.2. Shown are the superfields of the MSSM and their respective component fields
as well as their group representation under SU(3)C × SU(2)L × U(1)Y . For U(1)Y
the quantum number Y/ 2 is given. The index i ∈ {1, 2, 3} runs over the three
generations of the matter fields. The charge conjugated spinor field ψC is derived
from ψ via the relation ψC = C ψ
T
with C = iγ2γ0.
needs to be reduced for this approach. Then, not the full R-symmetry is included as a global
symmetry of the model but only a discrete subgroup of it. The Z2 subgroup is commonly
called R-parity. The MSSM is discussed in the next section.
The second option to generate gaugino masses is the inclusion of additional degrees of
freedom in the model as they are required to write down Dirac masses for gauginos. A
SUSY model, the Minimal R-symmetric Supersymmetric Standard Model (MRSSM), which
does just this is described in the last section of this chapter.
2.4. THE MINIMAL SUPERSYMMETRIC STANDARD MODEL
In the following the Minimal Supersymmetric Standard Model (MSSM) is described shortly
as it is the supersymmetric model most commonly investigated and is used for comparison
with the R-symmetric SUSY model which is in the focus of this work.
2.4.1. SYMMETRIES AND FIELDS
As described in the last section, the MSSM has the same gauge symmetry as the SM,
which is SU(3)C × SU(2)L × U(1)Y with the gauge couplings g3, g2, g1, respectively. The
field content and the respective representations under the gauge symmetries are given in
tab. 2.2. R-parity is usually specified as an additional global symmetry.
R-PARITY
R-parity can be understood as the Z2 subgroup of R-symmetry, where the continuous
parameter is fixed to τ = π. Therefore, all the fermionic coordinates of superspace
transform with an odd parity. The parity assignment on the superfield content is such
that SM component fields have an even parity. From this follows immediately that their
14
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superpartners have an odd parity. This can also be put in the form of the so-called matter
parity for the component fields
PM = (−1)3(B−L)+2S . (2.42)
Here, B, L and S are the baryon-number, lepton-number and spin operator, respectively.
From a phenomenological point of view, R-parity is introduced to forbid baryon and lepton
number violating operators including the ones needed for proton decay. Another conse-
quence is the existence of a lightest stable supersymmetric particle (LSP), as the parity
forbids a further decay of the lightest state with an odd parity. The LSP is a dark matter
candidate of the model.
Taking into account all gauge symmetries and R-parity the following superpotential is the
most general one allowed for the MSSM:












U j + µ(HdHu) , (2.43)




= HαQβεαβ with ε taken from (A.2). This
fixes all supersymmetric interactions of the fields. The Y e, Y d , Y u are 3 × 3 matrices in the
corresponding flavor space.
2.4.2. SUSY BREAKING
The general soft SUSY breaking Lagrangian density of the MSSM is usually chosen to be
















˜̀jL − m2ẽR ,i j ẽ
*
iRẽjR
− m2hd |hd |
2 − m2hu |hu|
2 −
(




(Ayd )i j (hd q̃iL)d̃*jR + (Ay
e)i j (hd ˜̀iL)ẽ*jR − (Ay










As in the superpotential, all parameters connected to the sfermions are taken as general
3 × 3 matrices in flavor space. Following ref. [25], this is not the most general form possible
but additional terms are allowed:
LMSSMsoft, add = −(Dy
d )i j (h*uq̃iL)d̃*jR + (Dy
e)i j (h*u ˜̀iL)ẽ*jR − (Dy




Mh(h̃d h̃u) + h. c. .
(2.45)
One of the three parameters µ, Bµ and Mh is actually redundant and can be removed
by appropriate redefinition of the other two. The additional terms of LMSSMsoft, add are usually




2.4.3. ELECTROWEAK SYMMETRY BREAKING
Following the layout of the SM, also in the MSSM the gauge group SU(3)C × SU(2)L × U(1)Y




(vd + φd + iσd ) , h0u =
1√
2
(vu + φu + iσu) .
The scalar potential and tadpole equations for spontaneous symmetry breaking and ensuing
mass matrices of the MSSM are not given here, as they can be found in numerous
references [30, 41]. Here, only the most relevant relations are pointed out that are needed
to make the connection to the SM.
The vev of the SM Higgs field is given by v2 = v2d + v
2
u , additionally the parameter























respectively, while the masses of the Goldstone bosons that arise from the CP-odd and
charged Higgs boson mass matrices depend on the gauge fixing as in the SM. Both mass
matrices are diagonalized by using β as mixing angle. The CP-even Higgs boson mass
matrix is diagonalized by the angle α.
The MSSM is the simplest realistic supersymmetric extension of the SM. Because of
this, its phenomenology is well explored in many avenues [30, 41]. The non-discovery
of SUSY at the LHC so far pushing the mass scale of the superpartners in the multi-TeV
range and the 125 GeV Higgs boson mass leads to the “little hierarchy problem” [42] of the
MSSM. Its interpretation as a problem of the MSSM is ambiguous, but one can draw the
conclusion that the MSSM is not necessarily elevated above other realistic SUSY models.
One possible avenue is the inclusion of R-symmetry to study the full symmetry content of
the super–Poincaré algebra.
2.5. R-SYMMETRIC SUPERSYMMETRY
As discussed in section 2.3, a SUSY model with R-symmetry requires an extended field
content to allow for Dirac mass terms of the gauginos. Furthermore, appropriate mass
terms for the higgsinos need to be introduced. This may be done by choosing one of
the Higgs doublets to have an R-charge of two, which gives rise to the superpotential
(2.40). This superpotential contains the usual µ term but down-type Yukawa couplings are
forbidden, if the down-type Higgs doublet is charged under R-symmetry. Hence, all masses
of down-type fermions need to be generated by radiative corrections. Another option is
to enlarge the field content by two R-charged Higgs doublets, which can be motivated
as an N=2 SUSY extension of the MSSM Higgs sector. The latter model is described
in the remainder of this section and is the basis for the phenomenological studies done
within this work. It is known as the Minimal R-symmetric Supersymmetric Standard Model
(MRSSM) [34]. This and several models containing R-symmetry have been proposed and
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some of their aspects studied before, see refs. [43–71].
2.5.1. SYMMETRIES AND FIELDS
The MRSSM has the same gauge symmetry SU(3)C ×SU(2)L ×U(1)Y as the SM and MSSM.
Moreover, it has an unbroken global U(1)R symmetry. The model contains all superfields
of the MSSM listed in tab. 2.2. Further chiral superfields are introduced to allow for Dirac
gaugino and higgsino mass terms. These are adjoint chiral superfields Ô, T̂ , Ŝ for each
gauge group with R-charge zero and two Higgs chiral superfields, which have the same
quantum numbers as the usual Higgs superfields except for their R-charge of two. The
gauge symmetry properties of the new superfields are given in tab. 2.3 and the R-charges
of all component fields in the MRSSM are listed in tab. 2.4.
Superfield Component fields SU(3)C×
spin 0 spin 1/ 2 SU(2)L × U(1)Y
R̂u = (R̂0u R̂
−
u )
T Ru = (R0u R
−
u )
T R̃u = (R̃0u R̃
−
u )
T (1, 2, −12 )
R̂d = (R̂+d R̂
0
d )
T Rd = (R+d R
0
d )
T R̃d = (R̃+d R̃
0
d )
T (1, 2, 12 )





























Ŝ S S̃ (1, 1, 0)
Table 2.3. Shown are the additionally introduced chiral superfields of the MRSSM and
their respective component fields as well as their group representation under
SU(3)C × SU(2)L × U(1)Y . For U(1)Y the quantum number Y/ 2 is given. It should
be noted that the two components of the triplet charged under U(1)em are
independent as T̂ *− 6= T̂+.
Superfield Boson Fermion
g, W, B 0 gµ, W µ, Bµ 0 g̃, W̃ , B̃ +1
L, E +1 ˜̀L, ẽ*R +1 `L, e
C
R 0





Hd,u 0 hd,u 0 h̃d,u −1
R̂d,u +2 Rd,u +2 R̃d,u +1
Ô, T̂ , Ŝ 0 O, T, S 0 Õ, T̃ , S̃ −1
Table 2.4. The R-charges of the superfields and the corresponding bosonic and fermionic
components of the MRSSM are collected in this table.
This choice of R-charges leads to the superpotential (2.39) for the MSSM superfields.
Additional terms involving the new chiral superfields are also allowed. R-symmetry for-
bids the µ term of the MSSM but allows for bilinear combinations of the normal Higgs




WMRSSM,µ = µd (R̂dHd ) + µu (R̂uHu) . (2.48)
These combinations yield Dirac masses for the higgsinos. Two sets of trilinear terms with
the adjoint electroweak chiral superfields T̂ , Ŝ are also allowed:
WMRSSM,λ = λd Ŝ (R̂dHd ) + λu Ŝ(R̂uHu)
+Λd (R̂d T̂ ) Hd + Λu(R̂uT̂ ) Hu .
(2.49)
For completeness, the full superpotential of the MRSSM considered in this thesis is
WMRSSM =µd (R̂dHd ) + µu (R̂uHu) + Λd (R̂d T̂ ) Hd + Λu (R̂uT̂ ) Hu
+ λd Ŝ (R̂dHd ) + λu Ŝ (R̂uHu) − Yd D (QHd ) − Ye E (LHd ) + Yu (U QHu) .
(2.50)
R-symmetry does naturally not allow for any baryon- or lepton-number violating contribu-
tions in the superpotential (as well as dimension-five operators mediating proton decay)
[72, 73].
N=2 SUSY RELATIONS
When including additional chiral superfields in the adjoint representation in an N=1 SUSY
gauge theory with U(1)R symmetry, it actually becomes N=2 supersymmetric. The compo-
nent fields of the chiral superfield are the required degrees of freedom necessary for an
N=2 gauge supermultiplet, as given in chapter 27.9 of ref. [74]. Therefore, the part of the
MRSSM consisting only of the gauge superfields and the singlet, triplet and octet adjoint
chiral superfields is N=2 supersymmetric.
The N=2 supersymmetry may actually be extended to the Higgs and R-Higgs superfields
of the MRSSM. Each of a set of up or down Higgs and R-Higgs doublet can be combined
into an N=2 hypermultiplet. The µ-like contributions to the superpotential (2.48) respect
this symmetry. On the other hand, for the Yukawa-like λ and Λ contributions in eq. (2.49)
relations to the gauge couplings are required by the N=2 SUSY such that
λd = −λu =
g1√
2
, Λd = Λu = g2 , (2.51)
as the singlet and triplet are part of the N=2 gauge multiplets.
However, it is not possible to extend the N=2 SUSY to matter superfields, as in nature
the different chiralities of leptons and quarks are in separate representations of the SU(3)C ×
SU(2)L × U(1)Y gauge group. The prediction of N=2 SUSY would be the existence of states
of both chiralities from a hypermultiplet in one representation with the same mass. As this
is clearly not the case, N=2 supersymmetry would need to be broken at a high scale to
N=1 such that the chiral structure of the SM can be matched [56, 62]. Such a breaking of
N=2 SUSY would also lead to the Λ/λ parameters having different values than the gauge
couplings at a lower scale as the conditions (2.51) would receive threshold corrections
and the parameters would run differently. The study of the MRSSM as an N=1 SUSY
model with R-symmetry is therefore also a phenomenological study of a realistic N=2
SUSY model at the TeV scale as it accounts for the chirality of matter but also respects the




When considering supersymmetry breaking in the MRSSM obeying R-symmetry, it is
clear that all the soft breaking masses of the MSSM scalar fields can be taken over from
eq. (2.44). The same holds true for the holomorphic bilinear term of the MSSM Higgs
doublets. The trilinear A terms of eq. (2.44) are forbidden as the sfermions have an
R-charge and these terms are therefore not R-invariant. This relaxes the flavor problem of
the MSSM [34, 43]. As discussed before, the same applies to the Majorana masses of the
gauginos. This leaves MSSM-like contributions as follows
















˜̀jL − m2ẽR ,i j ẽ
*
iRẽjR
− m2hd |hd |
2 − m2hu |hu|
2 −
(




As described in subsection 2.2.4, Dirac mass terms linking the fermionic components
of a vector and a chiral superfield can be created via D term breaking of a hidden sector
U(1)′, see ref. [33]. This leads to additional terms connecting the scalar component field of
the chiral superfield and the D field of the vector superfield as in eq. (2.32). In the MRSSM
this is done for all three gauge groups so that the Lagrangian density containing the Dirac
masses reads
LMRSSMsoft, Dirac = − M
D
B (B̃ S̃ +
√








a) + h. c. .
(2.53)
This modifies the on-shell equations of motion for the auxiliary D terms as given in eq. (2.34).
Following ref. [25], it is noteworthy that the term DBS in general lead to quadratic
divergences in the tadpole equation for the scalar singlet so that this contribution should
actually not be categorized as soft. The quadratic divergence does not arise as the
hyper-charge of each generation of matter fields and of all Higgs and R-Higgs doublet
fields sums up to zero. The cancellation seems comparable to the one of the hyper-charge
gauge anomaly in the SM and MSSM. It is possible that this connection may be explained
using the N=2 SUSY relations described before, but studying this is outside the scope of
this work.
For the adjoint scalars S, T and O and the R-Higgs bosons non-holomorphic quadratic
masses can be generated as for the MSSM fields:
LMRSSMsoft, add = −m
2
Rd |Rd |
2 − m2Ru |Ru|
2 − m2S |S|
2 − m2T Tr(T *T ) − m
2
O Tr(O*O) . (2.54)
Additional holomorphic terms are allowed involving the adjoint scalars and Higgs bosons
as
LMRSSMsoft, holomorph =B
sSS + Bt Tr(TT ) + Bo Tr(OO) + CsS
+ AshS(hdhu) + AsoS Tr(OO) + AsS3
+ Ath(hdT )hu + AstS Tr(TT ) + AtTr (TTT ) + h. c. .
(2.55)
As in the MSSM, the class of holomorphic interactions does not give all soft breaking terms
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but non-holomorphic terms involving the R-Higgs bosons and sfermions are possible:
LMRSSMsoft, non-holomorph = −(Dy
d )i j (R*uqiL)d*jR +(Dy
e)i j (R*u`iL)e*jR −(Dy
u)i j (R*dqiL)u*jR +h. c. . (2.56)
For simplicity, the last two categories are not considered in this thesis, so that the pa-
rameter space can be investigated in a meaningful way. For the influence of some of the
holomorphic mass terms see also ref. [75].




soft, MSSM-like + L
MRSSM
soft, Dirac + L
MRSSM
soft, add (2.57)
2.5.3. ELECTROWEAK SYMMETRY BREAKING
Since R-Higgs bosons carry an R-charge of two, they do not develop vacuum expectation
values. For electroweak symmetry breaking (EWSB) only the electroweak scalars with no




(vd + φd + iσd ) , h0u =
1√
2




(vT + φT + iσT ) , S =
1√
2
(vS + φS + iσS) .




(φO + iσO) , (2.58)
as they obtain different contributions from the gluino Dirac mass parameter in eq. (2.53).
MASSES IN THE MRSSM
All mass matrices of the MRSSM are given in Appendix C.2. The information not given
there are the masses of the electroweak bosons, which are the same as in the MSSM,














The mass of the Dirac gluino, which consists of the two Weyl-spinors g̃ and Õ, is just the
Dirac mass parameter:
mg̃ = MDO . (2.60)






2 , mσO = mO . (2.61)
2.5.4. SYMMETRY TRANSFORMATIONS OF THE MRSSM LAGRANGIAN
Fields of a field theory are not physical quantities and may be redefined. This redefinition
allows to absorb complex phases of parameters in the Lagrangian density. This retains only
physical phases accessible by experiment. A well known example is the CKM matrix in
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the SM [76]. Similarly, it is possible to change the phases of fields in the MRSSM, which is
explored in the following.
The usual Peccei–Quinn transformation of
hd/ u → exp(iα)hd/ u ,
X → exp(−iα)X ; X ∈ {Rd/ u, UQ, DQ, EL} (2.62)
leads to a phase transformation of Bµ leaving the rest of the Lagrangian invariant and thus
allows to choose Bµ real and positive.
Transformations of the R-Higgs bosons can be used to eliminate a phase among each of
the sets: {µu,Λu,λu} and {µd ,Λd ,λd }, making it possible to choose the µ parameters real
and positive. These are:
Rd/ u → exp(iα)Rd/ u ,
Ω→ exp(−iα)Ω; Ω ∈ {µd/ u,Λd/ u,λd/ u} . (2.63)
Transformations of the singlet and triplet can be used to eliminate a phase among each
of the sets: {MDB ,λu,λd } and {M
D
W ,Λu,Λd }, making it possible to choose the Dirac mass
parameters as real and positive. The transformations read
S → exp(iα)S ,
Ω→ exp(−iα)Ω; Ω ∈ {MDB ,λu,λd } (2.64)
and
T → exp(iα)T ,
Ω→ exp(−iα)Ω; Ω ∈ {MDW ,Λu,Λd } . (2.65)
This carries consequences for the phase of the vevs coming from the terms with D fields.
The MRSSM tadpole equations are given in the appendix in eq. (C.3). For simplicity, all
parameters are set real and only relative signs regarding the vevs are explored. Looking at
the first two tadpole equations for vd and vu, changing the sign of Bµ can be compensated
by changing the sign of one of the vevs, thus changing the sign of tanβ. This is comparable
to the MSSM and is reflected by the CP-odd Higgs mass formula. As with the Lagrangian,
changing the sign of µu or µd in the tadpole equations can be compensated by changing
the sign of the associated λ and Λ.
A sign change of the Dirac masses can be absorbed by changing the sign of vS (for MDB ) or
vT (for MDW ) and the associated λ and Λ, keeping the tadpole equations invariant. Therefore,
to fix the gaugino masses to positive values, negative vS and vT must be allowed. All other
soft masses need to be positive to avoid unwanted charge or color symmetry breaking.
2.6. SUMMARY
The MSSM is a well established supersymmetric extension of the SM and has been studied
in great detail in the last decades. In this model the neutralinos and gluino are Majorana
fermions. This means that these states are their own antiparticles, which leads to specific
predictions of the MSSM.
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One of the prominent features of an R-symmetric model like the MRSSM is the prohibi-
tion of Majorana mass terms for such fields. As massless neutralinos and gluinos are in
conflict with experimental data Dirac mass terms need to be introduced. This requires the
inclusion of additional degrees of freedom. Then, the neutralinos and gluino are of Dirac
type and particle and corresponding antiparticle can be distinguished by a difference in
R-charge. Moreover, as SUSY requires the same number of fermionic and bosonic degrees
of freedom additional bosons are introduced. This leads to an extended Higgs sector in the
MRSSM. Because of the Dirac nature of neutralinos and gluino and the additional scalar
states the MRSSM predicts a well-motivated phenomenology distinct from the MSSM.
Moreover, even as the MSSM solves many of the SM’s problems, it is not without its
own set of issues. These can be solved with the introduction of R-symmetry.
The soft SUSY breaking trilinear couplings appearing in eq. (2.44) may lead to large
contributions to flavor violating observables if the parameters have an arbitrary structure.
R-symmetry does not allow these terms and it has been shown that the Dirac nature of the
neutralinos and gluino may bring additional benefits for flavor observables [34, 43] (But see
ref. [77] for caveats beyond the mass insertion limit). Thus, the predictions of the MRSSM
are generically in agreement with flavor data even when considering scenarios with an
anarchic flavor pattern and for sfermion masses below the TeV scale.
The MSSM allows for baryogenesis with a first order phase transition only in constrained
parameter regions when experimental limits [78] are included. In an R-symmetric model
the required phase transition can also achieved for more open parameter regions [44].
Similarly, heavy Dirac gluinos suppress the production cross section for squarks, making
squarks below the TeV scale generically compatible with LHC data [45].
In this chapter, the MRSSM as a viable SUSY model has been introduced at the classical
level without considering further quantum effects. For the phenomenological study of its
physics in the latter part of this thesis quantum field theoretical methods are required. They
are introduced in the following chapter and the computational implementation is discussed.
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A supersymmetric model at the TeV scale as a possible description nature needs to be
interpreted in the context of quantum field theory. The MRSSM as a viable supersymmetric
model has been introduced and motivated in the last chapter. For the discussion of its
phenomenology in the following chapters, it is crucial to derive precise predictions for
experiments with small theory uncertainties. Experimental results are usually interpreted
in the context of the SM. This experimental data is required as input to derive predictions
from the MRSSM. Hence, to achieve a meaningful connection to experiment, a consistent
matching to the SM is needed.
The first part of this chapter contains a description of the quantum field theoretical
foundation. Then, the renormalization of the MRSSM and its matching to the SM is
discussed, which fixes the required input parameters. From there, it is possible to calculate
the mass spectrum of the model, which is the basis for all following predictions. In the
last part the technical implementation is presented and phenomenologically interesting
scenarios are specified for further study within this work. The quantum field theoretical
foundation comprehensively presented here is based on refs. [79–82].
3.1. FIELD THEORETICAL CONCEPTS
The study of an extended model describing nature, like the MRSSM, requires the application
of a multitude of quantum field theoretical concepts to relate the model parameters to
physical quantities and draw meaningful conclusions to make predictions for experiments.
The following sections provide an overview of the most relevant methods used to connect
the MRSSM to experiment.
3.1.1. REGULARIZATION AND RENORMALIZATION
Renormalization is needed when calculating observables in a quantum field theory. Using
the perturbation series of scattering amplitudes with small gauge couplings gives finite
results at the lowest order. The inclusion of higher-orders corrections by adding Feynman
diagrams with loops introduces the integration over internal momenta to capture all quan-
tum field fluctuations. Doing this in a naive way leads to divergent results. Divergences
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originating from the high momentum regime are called ultraviolet (UV) divergences, if they
appear in the limit of zero momentum they are called infrared (IR) divergences.
It could be assumed that such a non-convergent result has no predictive power. It is,
however, possible to treat these divergences in a formal way using regularization. This
handles the infinities consistently and finite predictions for observables can be calculated
at the end. Then, the fact that parameters of a Lagrangian density do not have to be finite
quantities but rather can be renormalized to absorb the regularized UV divergences has to
be used. IR divergences cancel each other if an observable is correctly defined as stated
by the Kinoshita–Lee–Nauenberg theorem [83, 84].
A theory is called renormalizable if all UV divergences can be absorbed in all orders
of perturbation theory by the finite set of parameters in the Lagrangian density, and it
is assumed that the Lagrangian density of the MRSSM satisfies this condition. In the
following, the regularization and renormalization schemes used in this work are introduced
and their application for the MRSSM is presented.
REGULARIZATION
Many different ways exist to regularize a divergent loop integral in a quantum field theory
calculation. All of them have the introduction of an unphysical dimensionful parameter in
common. The result of a calculation to all orders in perturbation theory must not depend
on this parameter for the renormalization to work. The following list discusses some
well-known regularization schemes:
Cut-off regularization The most straight-forward regularization approach is the introduc-
tion of a cut-off scale Λ so that the magnitude of integration momentum k does not
fluctuate to infinity. This can be achieved by the replacement of the momentum





d k . (3.1)
Divergences are regularized as polynomial in Λ or logΛ with this replacement and
integrals give UV finite results. The drawback of this method is the violation of sym-
metries of the underlying theory, most obviously the violation of translation invariance
of k → k + p under the integral, but also the violation of gauge symmetry. Neverthe-
less, it allows to count the superficial degree of divergence of loop contributions as
the highest exponent of Λ.
Dimensional regularization [85, 86] A regularization scheme preserving Lorentz and gauge
invariance is the dimensional regularization scheme, where the four dimensional mo-








The dimensionful parameter Q is introduced to keep the dimensionality of the whole
expression fixed. Formal definitions of dimensional regularization and further applica-
tions may be found in ref. [87]. Divergences are regularized in inverse powers of the
parameter ε = (4 − D)/ 2. The preservation of gauge symmetry is the reason why this
method is commonly used in the renormalization of gauge theories. Using relations
only valid in four dimensions when applying dimensional regularization may lead to
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inconsistencies as is for example known with the γ5 problem, see ref. [88] for an
overview.
Dimensional reduction [89–94] Another drawback of dimensional regularization is the
breaking of supersymmetry as it leads to a mismatch of the fermionic and bosonic
degrees of freedom when vector fields are D-dimensional. The solution (at least up
to the two-loop order for certain processes [95]) is the introduction of dimensional
reduction. Here, only the momenta are extended to D dimension, while all other
quantities stay four-dimensional. For formal calculation there is still the need to extend
vector bosons to D dimensions but this is achieved by separating the four-dimensional
field into a D-dimensional part and a 2ε-dimensional one, corresponding to so-called
ε scalars. In non-supersymmetric theories the couplings of the ε scalars and their
corresponding renormalization need to be treated independently from the gauge
bosons while, if SUSY is present, it enforces relations to the gauge couplings. See
ref. [96, 97] for further subtleties how to deal with dimensional regularization and
reduction.
From the previous points it becomes clear that dimensional reduction is the regularization
of choice for a calculation in a supersymmetric theory. The SM is not supersymmetric and
it is usually easier to employ a dimensional regularization scheme. Hence, all the model
parameters extracted from experimental data are usually given as results of a calculation in
dimensional regularization, see e.g. ref. [98]. Therefore, when calculating parameters in
dimensional reduction the translation between the two schemes is necessary.
RENORMALIZATION
Parameters appearing in a Lagrangian density should not be seen as physical observables,
but are connected to them by the calculation of Green’s functions and S-matrix elements.
Moreover, there is a freedom to rescale them as
λ→ λ0 = Zλλ = λ + δλ , δλ = (Zλ − 1)λ , (3.3)
where λ stands for a generic parameter in the model, the subscript 0 denotes that λ0 is an
unrenormalized, so-called bare, parameter. The parameter δλ is called a counterterm.
Similarly, this can be done for the fields of the theory, called wave function renormaliza-
tion:




1 + δZψψ , (3.4)
where analogously ψ is a generic field of the model and δZψ the corresponding counterterm.
In a renormalizable theory all appearing UV divergences can be absorbed into the Z
factors of the finite set of parameters and fields to all loop orders. In the Lagrangian
density, the parameters and fields of the quantum field theory can be expanded into two
components. One is the renormalized part which has the same form as the unrenormalized
Lagrangian density but with the bare fields replaced by renormalized ones. The other part
is the so-called counterterm Lagrangian density which consists of all terms containing
counterterms. With the expanded Lagrangian density the usual Feynman diagrammatic
calculations can be carried out. The counterterms then appear as additional vertices and are
different from zero if higher-order corrections are considered. The elements of this series
are needed to absorb the UV divergences, which have been regularized, order-by-order.
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This fixes the UV divergent structure of the counterterms but still leaves the freedom to
choose the finite part. Two possibilities are usually considered for this:
Modified minimal subtraction The most straight forward choice for the finite part is to
set it to zero, so that the renormalization constants are purely UV divergent. This
is known as minimal subtraction. Starting at the one-loop level, renormalization










The superscript MS stands for minimal subtraction when dimensional regularization
is used. In case of dimensional reduction as regularization the superscript DR is used
when minimal subtraction is the renormalization scheme.
All regularized loop integrals contain common terms that accompany the regulator.
This fact is used to define modified minimal subtraction schemes. Then, the finite
part is set to this common expression as
δλ1L,MS ∝ 1
ε
− γE + log 4π
∣∣∣∣
dim. reg.
, δλ1L,DR ∝ 1
ε




where γE is the Euler–Mascheroni constant. This renormalization can also be phrased
differently. With the knowledge that the theory is renormalizable it is not necessary
to calculate the counterterms explicitly. It is sufficient to set the common factor
1
ε − γE + log 4π to zero in all results from loop integrals appearing in the calculation
doing an implicit renormalization.
On-shell renormalization When a parameter is renormalized on-shell all higher-order
contributions are absorbed into its counterterm. Then, the tree-level value gives
the full result (up to the loop-order accuracy actually used in the calculation) and
it is possible to find a direct relation between the renormalized parameters and
observables. It is common to renormalize mass parameters and the wave functions
on-shell as it simplifies the transition from Green’s functions to S-matrix elements
using the LSZ reduction formula [99]. Then, the mass parameter can be identified
with the pole mass of the field and the residuum of the propagator is one.
To fix the notation for the remainder of the thesis, only three types of parameters are
renormalized on-shell: Masses mi , coupling constants αj and the electroweak mixing
angle θ. These on-shell renormalized parameters are always given without carets whereas
their DR or MS renormalized counterparts are denoted with a caret. As an example, m2Z
denotes the Z boson pole mass while m̂2Z is the DR renormalized mass parameter. These









where Π̂T is the transverse part of theDR renormalized self-energy of the Z boson with
the momentum taken at the on-shell mass. The DR scheme is used as the standard
renormalization choice for all other parameters. If an ambiguity arises, when for example
giving transformation rules, the corresponding scheme is given additionally by superscript.
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3.1.2. EFFECTIVE ACTION
Green’s functions are used as a representation of particles and their interactions in a
quantum field theory and can be calculated using the path-integral method. For this, the





d x4L(φ(x), φ̇(x)) + J (x)φ(x)
)
, (3.8)
where φ(x) symbolizes all fields in the interaction picture and L the Lagrangian density of
the theory. The classical sources J (x) are introduced for each species of field so that the
term J φ represents the sum over the product of all fields with their corresponding source.
The measure Dφ sums over all possible configurations of the fields. Varying Z[J ] with
respect to n sources gives the sum of all Feynman graphs with n external legs:
δnZ[J ]
δ(iJ (x1)) . . . δ(iJ (xn))
∣∣∣∣
J =0
= 〈0|Tφ(x1) . . .φ(xn) exp i(
∫
d x4L(φ(x), φ̇(x))|0〉 (3.9)
with the time-ordering operator T . The functional W generates sums over all connected
graphs and is defined using the fact that Z[0] gives the sum of all vacuum graphs as
Z = exp(iW) . (3.10)
As one further step it is possible to write down the generating functional Γ for the
sum over one-particle irreducible graphs by Legendre transformation. For this the vacuum





is used and 〈φ〉J is usually called φ(J )cl . Then, the effective action Γ is defined as
Γ[φcl ] = W[J ] −
∫
J φcl . (3.12)
The source J is given as
J = − δΓ
δφcl
. (3.13)
Hence, the effective action Γ is the classical action and the sum over quantum corrections.
It can be used to find the vacuum of the full theory as described in the following.
3.1.3. EFFECTIVE POTENTIAL
The effective potential is the zero momentum limit of the effective action. It is derived by
using a constant scalar field φcl (x) = φ0. The effective action Γ[φ0] then contains a constant
space-time volume factor V4 from the space-time integral and the effective potential V (φ0)
is defined as
Γ[φ0] = −V4V (φ0) . (3.14)
From eq. (3.13) it can be seen that for vanishing sources the effective action has to satisfy
δΓ
δφcl (x)
= 0 . (3.15)
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This gives the conditions for the possible values of φcl similar to a classical equation of mo-
tion but also including quantum effects. When the definition of the effective potential (3.14)
is inserted into eq. (3.15) for constant φ0, it reduces to
∂V
∂φ0
= 0 . (3.16)
The global minimum of the effective potential then is the state with the lowest energy and
hence gives the true vacuum of the quantum field theory including quantum effects [100].
As the effective potential is defined via the zero momentum limit of the effective action
Γ, it can also be used to calculate one-particle irreducible graphs with vanishing external
momenta. For example, two-point functions with zero external momenta are given by
the second derivative of the effective potential. This is used in the next chapter to derive
analytical expressions for one-loop corrections to the Higgs boson mass.
3.1.4. RENORMALIZATION GROUP EQUATIONS
The process of regularization and renormalization in a quantum field theory introduced an
additional dimensionful parameter Q. From a physics point of view, observables should
not depend on Q as it is an artifact of the calculation. This is true when considering all
orders in perturbation theory, but in a calculation up to a specific order logarithms of the
form log E/ Q appear, with E being a typical energy scale of the considered process. These
logarithms can become large such that perturbation theory breaks down. Therefore, an
improved renormalization procedure is required.
The renormalized parameters of a theory depend on Q. The use of the renormalization
group allows to resum such possibly large logarithms to all orders consistently. The
renormalization group equation (RGE) of a parameter λ is
∂
∂ log Q
λ(Q) = βλ , (3.17)
where the so-called β function βλ, which describes the running of λ with the scale Q, is
derived in praxis from the UV divergent part of loop diagrams. If a theory contains several
parameters, there is a β function for each possibly depending on all coupling and therefore
a coupled system of RGEs needs to be solved. Using RGEs to run the parameters to the
relevant energy scale E of the observable considered, it is now possible to effectively
resum the logarithms.
3.1.5. EFFECTIVE FIELD THEORIES
The usage of RGEs can ensure the validity of the perturbation expansion for observables
and theories with one relevant energy scale. For realistic theories like the SM or the
MRSSM, there are usually several scales present in a calculation. Especially if the theory
contains states i with different masses Mi much above the scale E of the process of
interest, possibly large logarithms of the form log Mi / E appear. The effective field theory
(EFT) approach handles these problematic large ratios by introducing two regimes above
and below a matching scale where the used theories are different. Above the scale the full
theory including the heavy modes is specified. Below, the effective field theory is used,
which does not contain the heavy states. The connection between the theories is found
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via matching the physics of both theories at the scale separating the regimes. For this, it
is used that S-matrix elements in both regimes with light states as external fields need
to give the same result. This yields matching conditions between the parameters of the
different regimes. Then, the different renormalization of the theories leads to different
RGEs, resumming the problematic logarithms [101]. Alternatively, the EFT approach can be
interpreted as taking the generating function Z (3.8) of the full Lagrangian density including
the heavy states and integrating out the states not appearing in the low-energy regime.
This gives rise to an effective Lagrangian density with additional contact interactions and
relations to the full Lagrangian density. The EFT approach is used in this work by matching
parameters of the SM to the MRSSM. The framework for this is described in the following
section.
3.2. APPLICATION TO THE MRSSM
The MRSSM needs to be connected to experiment to test it as description of nature. This
requires a full quantum field theoretical treatment using the methods described before. In
the following, the renormalization of the MRSSM and matching to the SM are described in
detail. They are presented as basis of a mass spectrum generator for the MRSSM.
A mass spectrum generator is a computational tool using the calculations described
before in a computer code to go from the model definition and experimental inputs to
giving the complete mass spectrum of the model as output for predictions and calculations
of further observables. The implementation of a mass spectrum generator is described in
section 3.3. The calculation for the MSSM can be found e.g. in ref. [102]. Implementations
of spectrum generators as described in this paper for SUSY models are manifold [103–109].
3.2.1. RENORMALIZATION OF THE MRSSM
The renormalizability of the MSSM was proven in ref. [110]. No such proof exists yet for
the MRSSM but as it exhibits all the features of a renormalizable model it is assumed as
such for this work. For the matching to the SM and the calculation of the mass spectrum
the renormalization of the MRSSM is as follows:
• The MRSSM is considered to be CP-conserving. The CP violation originating from
the quark sector [76] is not considered in this work. Also, as flavor observables are
not of interest, the CKM matrix is assumed to be diagonal. The Feynman gauge is
chosen.
• The parameters m2Hu , m
2
Hd
, vS and vT are exchanged for the tadpoles tu, td , tS and tT
of the scalar potential as free parameters.
• The tadpoles are renormalized such that they minimize the loop-corrected effective
potential up to the considered order. Then, the vev renormalization of refs. [111,
112] applies. In the following, this includes one-loop corrections. When the precise
calculation of the CP-even Higgs scalar mass is considered also two-loop effects are
taken into account using the effective potential.
• All other free parameters are chosen to be renormalized in the DR scheme. This is
done implicitly and no counterterms are calculated as described in section 3.1.1.
With this prescription the meaning of all parameters in the MRSSM is fixed and as a next
step the connection to experiment and the SM is made.
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3.2.2. MATCHING TO THE SM
After the discovery of the Higgs boson and its subsequent mass measurement, all parame-
ters of the Standard Model can be fixed from experimental data at the LHC. This allows for
a simple connection of any model extending the SM to experiment. The values of required
observables are given in several references, e.g. from the Particle Data Group [98]. Hence,
a corresponding set of parameters in the MRSSM can be fixed by matching conditions with
the SM. There exist several possible sets of observables, in this work the experimental
input observables used are
• the pole mass of the Z boson mZ ,
• the MS renormalized fine-structure constant taken at the Z mass pole α̂MSSM(mZ ),
• the muon decay constant Gµ,
• the five flavor MS renormalized QCD coupling constant α̂MSS,SM(mZ ) ,
• the pole mass of the top quark mt and the τ , µ and electron lepton,
• MS renormalized masses of the other quarks.
The values for these observables used in this work are given in the Appendix A.2. In
general, also the pole mass of the Higgs boson mH might be used to fix a parameter of
the MRSSM. As it is a prediction of a realistic SUSY model and dependent on most of the
new model parameters in a non-trivial way, this is not done here. Rather the Higgs boson
mass is calculated and the experimental value is used to constrain the parameter space in
conjunction also with other observables.
With the matching procedure from above the SM observables are used to fix the
following DR renormalized parameters of the model: The three gauge couplings g1, g2, g3,
the vev v =
√
vd 2 + vu2 and the Yukawa coupling matrices Yd , Yu, Y`. (as CKM mixing is
neglected these matrices are all assumed to be diagonal) appearing in the superpotential.
The matching condition for the DR renormalized fine-structure constant is
α̂DRMRSSM(mZ ) =
α̂MSSM(mZ )
































































with α the electromagnetic coupling in the Thomson limit. For the DR renormalized QCD
coupling constant the correction is
α̂DRS,MRSSM(mZ ) =
α̂MSS,SM(mZ )








































These translation rules follow ref. [113]. Even as α̂MSSM and α̂
MS
S,SM are derived as genuine SM
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parameters, they do not receive contributions from additional charge or color neutral fields
with masses below MZ in an extended theory. This allows for such light particles to appear
in the MRSSM and in the last part of this chapter a scenario, where new light states like a
light neutral Higgs boson appear, is discussed.
With the choice of input parameters discussed before, the pole mass of the W boson
becomes a prediction of the calculation. This is discussed in detail in chapter 5. In
the process of this calculation also an expression for the weak mixing angle tan θ̂W =











The vev v is calculated from the Z boson pole mass by removing the one-loop corrections
following eq. (3.7) and using the tree-level mass relation (2.59). The Yukawa couplings are
extracted in a similar fashion from the pole masses of the SM fermions by subtracting
the loop corrections and using the tree-level relations or deriving them using the MS input
masses.
3.2.3. POLE MASS PREDICTION FOR SUSY STATES
When the chosen set of parameters is matched to the SM, the two-loop MRSSM renor-
malization group equations, given in the appendix B, are used to run the parameters to
the SUSY scale. All parameters that are not fixed by matching to the SM are then given
at this scale and the pole masses of the supersymmetric particles are derived. For this
the DR renormalized self-energies of all SUSY fields are calculated and the root of the
inverse propagator is determined. All the relations used at the electroweak scale rely on
the masses calculated at the SUSY scale. Hence, for a consistent calculation this matching
needs to be done in an iterative approach by running between the scales and recalculating
the masses until convergence is reached. In the next chapter, the procedure is described
for the SM-like Higgs boson as loop corrections play a crucial role for a realistic prediction
for its mass. In the remainder of this chapter the implementation of the mass spectrum
calculation and different promising scenarios in the MRSSM are discussed.
3.3. IMPLEMENTATION
The algorithm to derive the mass spectrum of a SUSY model like the MRSSM described in
the previous sections is implemented in a computer code using the Mathematica package
SARAH-4.8.5 [114–118]. The program produces source files for the spectrum generator
SPheno-3.3.8 [106, 119] which then is enabled to calculate the mass spectrum for given
input parameters using the SLHA-2 [120, 121] format. The renormalization scale is chosen
to be Q = 1 TeV and tanβ as input given also at this scale following SPA convention [113].
Additionally, the program FlexibleSUSY-1.2 [122, 123] exists that also relies on SARAH
but uses different approaches at several points of the calculation. At the final stage a
comparison of the results for the mass spectrum up to a common accuracy between
SARAH/ SPheno and FlexibleSUSY is possible and an important check of the calculation.
SARAH can also produce a model file with tree-level vertices for the Mathematica package
FeynArts-3.7 [124]. Together with the package FormCalc-8.4 [125, 126], it allows to
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calculate tree-level and one-loop matrix elements in the MRSSM analytically. During the
research culminating in this thesis, the available diversity of calculation tools was used
extensively to cross check the consistency of the results given by the respective programs.
It allowed to give constructive feedback to the authors of the codes leading to an improved
agreement between them and also the literature. Improvements in the tools from provided
feedback include the following:
• The model files for the MRSSM in SARAH were adapted, so that it is possible in
SPheno to use the full matching of the MRSSM to the SM instead of a provided
simplified version.
• The contribution of the triplet vev vt SARAH/ SPheno to the W boson mass calculation
was implemented as is described in chapter 5, specially considering the parameter ρ̂
defined therein.
• A more accurate agreement between SARAH/ SPheno and FlexibleSUSY implemen-
tation for the mass prediction of the non-MSSM-like states, the R-Higgs bosons, the
scalar and pseudoscalar octet was achieved. For this the different numerical results
and codes were compared and unphysical differences identified.
• The implementation of two-loop corrections to the Higgs boson mass described in
chapter 4 was tested extensively.
An overview of all software packages used for acquiring the results of this thesis is given
in the Appendix A.2. The one- and two-loop RGEs are given in Appendix B. Appendix C
summarizes the mixing of the gauge eigenstates to the mass eigenstates and contains the
tree-level mass matrices of the SUSY states.
3.3.1. COMPARISON TO EXPERIMENT
With the calculation of loop-corrected masses and couplings it is possible to make the
connection to experiment. The most straight forward comparison is possible for pole
mass predictions, as they are a direct result of the mass spectrum generator. This is
done in chapter 4 and 5 for the Higgs and W boson mass, respectively. It is clear that
agreement needs to be reached within the respective uncertainty bands of the prediction
and measurement so that the MRSSM is a good description of nature. The dark matter relic
density prediction of the MRSSM is compared to the result from the Planck experiment
in a similar fashion. Details on the calculation are given in chapter 6. For observables
related to the scalar discovered at the LHC the approach is similar. A set of measurements
of Higgs properties, called the modified signal strengths µ̂i , is used. They measure the
modification of Higgs boson production and decay into a certain final state relative to the
SM. Comparing the model predictions against the experimental measurements allows
for a χ2 test from which a p-value can be calculated, expressing the compatibility of the
parameter point with data.
The situation is more involved when considering direct searches for BSM physics with
null results. Then, exclusion limits need to be set in the parameter space of the MRSSM.
This is done by testing for each parameter point the predicted number of signal events ns
and SM background events nb against the number of observed events n. The cross section
prediction of the MRSSM for the relevant processes is the model input to calculate the
signal event rate while background and observed rates are taken from the experimental
collaborations. Using these numbers it is possible to calculate confidence level CLs+b for a
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specific search. For the LHC studies the quantity CLs is used [127]. For each parameter
point of the model and if no significant signal above the background is observed, exclusion
limits can be derived. A point is assumed to be excluded by 95% (90%) confidence level
(C.L.) if CLs+b < 0.05 (CLs+b < 0.1). Details on the calculation of confidence levels from ns,
nb and n can be found in refs. [98, 128]. The BSM searches studied in this thesis include
the searches for an extended Higgs sector at LEP, Tevatron and LHC described in chapter 4.
Furthermore, the dark matter direct search result by the LUX experiment discussed in
chapter 6 and LHC for electroweak SUSY searches discussed in chapter 7 are examined
using these methods.
A possible next step to investigate the parameter space of the model is the approach of
global fitting. This has been done for certain MSSM parametrizations [129–133]. For this
approach the experimental and predicted values for observables as well as the confidence
levels from exclusion limits are converted into χ2 values and summed, assuming that
certain requisites are met. Then, it is possible to look for the global best-fit-point in the
relevant parameter space. This procedure is not used for the MRSSM in this thesis.
Here, the main goal is to investigate the parameter dependencies of the above mentioned
observables and identify relevant parameter regions in the highly-dimensionful parameter
space. Applying global fitting remains as a possible endeavor for future work.
3.4. SCENARIOS IN THE MRSSM
The MRSSM features a rich particle content introduced in the last chapter. For a meaningful
investigation of its physics it is helpful to introduce benchmark scenarios that represent
interesting regions of parameter space and contain a rich phenomenology at the TeV scale.
This fixes the input parameters of the model which can not be derived from experiment.
The general feature of viable parameter points should be the prediction of an SM-like
physics below the TeV scale, as the SM is a very good description of nature at such energies.
It could be assumed that all BSM states are rather heavy, therefore not directly accessible
by previous experiments and influencing precision observables through quantum effects
only within the uncertainty bands. This scenario of the MRSSM is labeled the normal
ordered scenario in this work and is specified in more detail below.
The Next-to MSSM (NMSSM) is the smallest non-trivial extension of the MSSM by
introducing an additional superfield which is a singlet of all gauge groups.* Excitingly, it is
experimentally not excluded that the scalar component of the singlet superfield could be
lighter than the SM-like Higgs boson discovered at the LHC [136–143]. The MRSSM also
includes a singlet superfield to allow for a Dirac mass term of the bino. It is of high interest
to study the phenomenology of the parameter space where this state provides the lightest
Higgs boson similarly to the NMSSM references. This scenario of the MRSSM is called
the light singlet scenario in this thesis and is discussed after the normal ordered scenario.
3.4.1. NORMAL ORDERED SCENARIO
The normal ordered scenario has a mass hierarchy similar to the MSSM. In tab. 3.1 three
benchmark points are defined for the normal ordered scenario. Each represents a different
range in tanβ. The benchmark points are the benchmark points BMP1’, BMP2’ and BMP3’
*See refs. [134, 135] for reviews of the NMSSM.
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BMP1 BMP2 BMP3
tanβ 3 10 40
Bµ 5002 3002 2002
λd , λu 1.0, −0.8 1.1, −1.1 0.15, −0.15
Λd , Λu −1.0, −1.11 −1.0, −0.85 −1.0, −1.03
MDB 600 1000 250
m2Ru 2000
2 10002 10002




























vS 5.3 1.1 −0.22





Table 3.1. Benchmark points of the normal ordered scenario. Dimensionful parameters
are given in GeV or GeV2, as appropriate. The first part gives input parameters,
with values specific for each point, the second, where the values are set to a
common number for all points. The last part shows the derived parameters.
from ref. [144]. They include updated values compared to ref. [145] and within this thesis
the dashes are drop to simplify notation. They all feature rather small fermionic Dirac mass
parameters, except for a gluino one, and heavy scalar mass parameters especially m2T ,
which is needed to ensure a small vT via the tadpole equations. Values of the superpotential
parameters λ and Λ are generally chosen in magnitude close to unity as is required to
achieve the correct SM-like Higgs boson mass, shown in chapter 4.
The mass spectra resulting from the chosen set of parameters is given on the left panels
of fig. 3.1. All new states are heavier than the SM-Higgs boson, denoted as H1. The
charginos and neutralinos are light enough to be accessible by the later phases of the LHC
as are the third generation squarks and pseudoscalar octet. The other scalar fields are
rather heavy but affect the phenomenology of the MRSSM indirectly through effects on
the Higgs boson mass and the electroweak precision observables.
3.4.2. LIGHT SINGLET SCENARIO
The light singlet scenario features additional SUSY states lighter than the SM-like Higgs
boson. In tab. 3.2 three benchmark points are defined for the light singlet scenario. The
benchmark points are taken from ref. [146]. They represent different regions in tanβ
and hierarchies in MDB and m
2
S, which are smaller than the SM Higgs boson mass. Each
benchmark point features small λ parameters due to constraints from Higgs observables
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3.4. Scenarios in the MRSSM
BMP4 BMP5 BMP6
tanβ 40 20 6
Bµ 2002 2002 5002
λd , λu 0.01, −0.01 0.0, −0.01 0.0, 0.0
Λd , Λu −1, −1.2 −1, −1.15 −1, −1.2







µd , µu 130, 650 400, 550 550, 550


























8002, 1362 10002, 10002 5002, 952
vS −58.6 −56.6 −56.1





Table 3.2. Benchmark points for the light singlet scenario. Layout is as for tab. 3.1.
and Λ in the region of unity to provide the correct SM Higgs boson mass; both requirements
are derived in the next chapter. As with the normal ordered scenario the Dirac mass
parameters are small and m2T is large to ensure the smallness of vT . The other scalar
masses are still larger than the fermionic mass parameters but lower than in the normal
ordered scenario.
The mass spectra resulting from the chosen set of parameters is given on the right
panels of fig. 3.1. The masses of the fields are generally lighter than in the normal ordered
scenario. This is of course most significant for the singlet-like Higgs boson (H1) which
is required to be lighter than the SM-like Higgs boson, denoted here as H2. The lightest
neutralino has a mass below half the SM-like Higgs boson mass as derived in the next
chapter. This low mass makes the lightest neutralinos the lightest supersymmetric state.
It is stable due to the R-symmetry and the dark matter candidate of the model. The other
neutralinos and charginos are also rather light and in reach of the LHC. Also, dark matter
constraints may require relatively light sleptons, especially staus, also accessible by the
LHC. The squarks of the third generation are lighter than in the normal ordered scenario.
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Figure 3.1. Shown are the mass spectrum plots of the Benchmark points. The left panels
give the spectra for normal ordered BMP1 to BMP3 from top to bottom. The
right plots give them for the light singlet BMP4 to BMP6 from top to bottom.
The plots were generated using PySLHA [147].
3.5. SUMMARY
In this chapter, the foundation for the study of the MRSSM has been set. The required
quantum field theoretical concepts and their respective implementation have been de-
scribed above. With the interesting parameter regions of the MRSSM identified in the last
section, it is possible to study the phenomenology of the model extensively and derive
predictions for experiment. This is done for the Higgs sector in chapter 4. The impact
of the MRSSM states on electroweak precision observables is the focus of chapter 5.
Comparison to results from dark matter experiments and direct searches for electroweak
BSM states at the LHC are done in chapter 6 and 7, respectively. The findings are then
combined in chapter 8.
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With the discovery of an SM-like Higgs boson with a mass of
mexpH = 125.09± 0.24 GeV (4.1)
at the LHC [148–154], the Standard Model is seemingly complete. A light scalar with a
mass of at most 135 GeV or below is also a prediction of the MSSM if the other SUSY
states have masses at the TeV scale [155–157]. It is of interest how the discovered boson
can be explained in the context of the MRSSM and how the predictions for its interactions
compare to the SM and to experiment.
For the MSSM it is well known that loop effects play an important role to achieve
this mass. Especially stops, the superpartners of the top quarks, and their mixing yield
substantial contributions to the Higgs boson mass in the MSSM. In the MRSSM mixing
between the left- and right-handed stops is forbidden by R-symmetry and additional
corrections are required. Moreover, the Higgs sector of the MRSSM is larger than in the
MSSM leading to interesting features, especially considering the singlet-like state.
In the last chapter, two interesting parameter regimes in the MRSSM have been in-
troduced. In the normal ordered scenario the SM-like Higgs boson is the lightest scalar
state. This parameter region is the basis for the initial study of the Higgs physics of the
MRSSM. The first part of this chapter elaborates on the mechanism to achieve these new
contributions. There, the relevant quantities on tree level are introduced and additional
one-loop corrections are outlined, first using the effective potential approximation and
afterwards also taking into account the full one-loop contributions. In a second step the
two-loop corrections from the effective potential approximation are added and discussed.
The last part of this chapter deals with the peculiarities of the second scenario described in
the previous chapter, where the lightest Higgs boson is singlet-like and the second lightest
is the SM-like Higgs boson. Then, the mass hierarchy allows for compelling predictions
of Higgs observables. Special emphasis is put on the mixing of the lightest state with
the SM-like Higgs boson and the effects on the phenomenology of Higgs observables.
Additionally, constraints from this scenario can be directly applied to dark matter and direct
LHC searches, which are discussed in latter chapters of this work.
The results concerning the Higgs boson mass calculation at one and two loops are based
on refs. [144, 145]. The light singlet scenario was first investigated in ref. [146].
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4.1. THE HIGGS SECTOR OF THE MRSSM
After electroweak symmetry breaking, the MRSSM Higgs sector contains four scalar, three
pseudo-scalar and three charged Higgs fields. The mass matrices at tree-level for these
three sectors are given by eqs. (C.5) to (C.7) of the appendix. When the solutions to the
tadpole eqs. (C.4) are inserted, the φd -φu sub-matrices correspond to the mass matrices of
the MSSM Higgs fields.
For the following discussion on quantitative features a certain mass hierarchy between
the different gauge eigenstates is assumed; no such assumptions are included when
presenting quantitative results. The SM-like Higgs boson seen at the LHC is taken as the
lightest of the two MSSM doublet scalars. The MSSM scenario where it is the heavier
state is not completely excluded but strongly constrained [158–161]. The triplet states are
the heaviest fields as electroweak precision observables (see chapter 5) put strong bounds
on the triplet vev vT , which is related to the triplet soft breaking mass m2T by means of
the tadpole equation (C.3). The requirement of a large scalar mass is sufficient to achieve
acceptable suppressed values for vT . The singlet states may be heavier or lighter than the
SM-like Higgs boson leading to very different experimental signatures. For the following
analytical derivations it is assumed that the singlet state is heavier than the SM-like Higgs
boson; modifications to the phenomenology for the opposite case are discussed in the last
part of this chapter.
In the MSSM, an upper limit on the tree-level mass of the lightest doublet scalar state
can be derived. In the decoupling limit, where mA  mZ and the mixing angle α of the
scalar Higgs boson mass matrix MH,MSSM goes to α = β − π/ 2, this limit takes a clear form
as
m2H1,approx, max = m
2
Z cos
2 2β . (4.2)
In the MRSSM, the case is more problematic as the mass matrix is a 4 × 4 matrix and
the additional mixing with the singlet and triplet states drives the lowest eigenvalue of the
mass matrix to lower values. This can be seen when a similar limit as in the MSSM is taken
with mA  mZ and additionally λ = λu = −λd , Λ = Λu = Λd , µu = µd = µ, and vS ≈ vT ≈ 0
is used. Then, the result in eq. (4.2) becomes
m2H1,approx, max = m
2
Z cos















 cos2 2β .
(4.3)
Clearly, the result in neither the MSSM nor the MRSSM is in agreement with the ex-
perimental data of mZ = 90.2 GeV and the Higgs boson mass of eq. 4.1. It is a known
fact [162–166] that radiative corrections to the Higgs boson mass can be very large in SUSY
theories and need to be taken into account for a realistic prediction. They are responsible
for lifting the Higgs boson mass above the mass of the Z boson as seen by experiment. In
the following, it is shown how this is possible using the additional field content and the
new couplings of the MRSSM.
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4.2. QUANTUM CORRECTIONS TO THE CP-EVEN HIGGS BOSON
MASS
The pole mass of the Higgs field needs to be calculated taking into account quantum
effects to the self-energy (Σ̂i j (p2). Then, the roots of the inverse full propagator have to be
found at the pole mass:
0 != det
[




where p is the momentum, m̂2i j the tree-level mass matrix with renormalized parameters
and Σ̂i j (p2) the DR renormalized self-energy matrix of the scalar. There are several ap-
proaches to find the solutions to this equation. They differ in the achievable accuracy
of the mass prediction and speed with which the computation is done. This hinges on
the treatment of the momentum dependency as for the exact result the pole mass has
to be used as argument of the self-energy. Two different approaches are discussed in
the following. Firstly, the Feynman-diagrammatic calculation of the self-energies keeping
the momentum dependency is introduced. Secondly, the effective potential approach
is described. Here, the momentum is assumed to be small compared to the masses
appearing in the self-energy and therefore neglected.
4.2.1. DIAGRAMMATIC APPROACH
The one-particle-irreducible self-energy of the Higgs boson is derived by calculating all
contributing Feynman diagrams up to the required loop order. For the one-loop level
contributing diagrams are shown in fig. 4.1. The generic fermionic and bosonic fields
shown there have to be replaced by the concrete fields appearing in the MRSSM. The
result can then be inserted into eq. (4.4) and used to find the pole mass of the Higgs boson.
S′
S′
S S S S
S′
Figure 4.1. Generic scalar self energies
For a calculation at a certain loop order it is within the accuracy of the perturbation series
to use a mass derived at a lower order as momentum argument of the self-energy. For
example, it is enough for an one-loop calculation to insert tree-level masses in the Feynman
diagrams. Still, as the Higgs boson mass is especially sensitive to corrections from the
SUSY scale, a precise prediction is required and to achieve the highest possible precision,
an iterative procedure using the full pole mass is done. The tree-level mass is used for the
first step while for the consecutive iterations the mass value calculated one step before is
inserted until convergence is reached.
The resulting mass matrix is momentum dependent and needs to be diagonalized such
that the momentum corresponds to the considered eigenvalue. Hence, a 4 × 4 mass
matrix needs to be diagonalized four times so that for each mass the correct momentum
is inserted. Each diagonalization yields a separate mixing matrix for different momenta.
As unitarity needs to be preserved, only one of them can be used in calculations and the
choice is ambiguous. Usually the one belonging to the lightest eigenvalue is chosen.
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4.2.2. EFFECTIVE POTENTIAL
The diagrammatic calculation gives the most accurate result as it includes all necessary
contributions. Even so, the expressions become rather involved and it is not straightforward
to grasp an immediate understanding from them. The effective potential approach is a
helpful alternative, which provides the Higgs boson self-energy at zero momentum and
can be used as approximation in eq. (4.4). The basic definition of the effective potential
has been given in section 3.1.3. It has the useful feature that the self-energy Σ̂(0) of the
Higgs bosons can be obtained from the second derivatives of the effective potential at zero
momentum. For illustration, the effective potential in softly broken supersymmetry at the


















summing over all fields with Higgs field dependent mass matrix M2i and spin Si in the DR
scheme and Landau gauge. Q is the DR renormalization scale.
Taking the appropriate derivative of the effective potential (4.5), the gauge-independent
loop contributions to the Higgs boson masses can be approximated by the result, as all the
considered parameters needed in eq. (4.5) are available in the DR scheme. Compared to
the full calculation as described in section 3.3, which is done using the Feynman gauge, the
expression (4.5) is valid in Landau gauge. To avoid problems stemming from this difference,
the gauge-less limit is chosen when comparing results. For this, the gauge couplings of the
broken gauge group SU(2)L × U(1)Y are set to zero. This neglects especially contributions
from massive gauge and Goldstone bosons but the result is valid for both gauges.
When the p2 dependence of the self-energy is neglected, eq. (4.4) can be solved directly
for the one-loop corrected mass matrix as








Diagonalizing this mass matrix provides the Higgs boson masses without a momentum
dependency and, therefore, one mixing matrix can be found unambiguously.
A possible problem of the effective potential approach is the so-called “Goldstone
catastrophe” which is described and treated in refs. [168–170]. It is based on the fact
that the DR renormalized Goldstone boson masses appearing in the loop expressions can
have any value for zero on-shell masses. If these masses approach zero the tadpoles
derived from the effective potential diverge. A possible solution is the resummation of the
Goldstone contributions.
4.2.3. ONE-LOOP CORRECTIONS
In the following sections the methods introduced before are used to derive predictions for
the pole mass of the Higgs boson* at the one-loop level and to present the dependence on
the model’s parameters.
*In the following, Higgs boson (pole) mass generally is used to denote the mass of the SM-like Higgs field in
the model.
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At first, an analytical formula from the effective potential approach is discussed and then
compared to the full result from the full Feynman diagrammatic calculation.
ANALYTICAL RESULTS
As an illustrative example the same limit as for eq. (4.3) is used, where λ = λu = −λd ,
Λ = Λu = Λd and vS ≈ vT ≈ 0 as well as assuming large mA and tanβ. Then, the
lightest Higgs state is given mainly by the φu component and the (φu,φu)-component of
the mass matrix in eq. (C.6) which can be treated as the dominant contribution. Expanding
V 1Leff (4.5) in powers of φu, where terms of higher order than O(φ
4
u) are suppressed by
denominators containing m2S and m
2
T , simple analytical terms can be found. The most
important contributions are the ones in fourth order of λ and Λ.











































































The Q dependencies of the different contributions cancel among themselves. The expres-
sion for the contribution from the stop-top fields can be taken from the MSSM in absence











where mt̃1 and mt̃2 are the masses of the two superpartners to the top quark. The
top Yukawa coupling Yt is the third diagonal entry of the up Yukawa parameter matrix:
Yt ≡ Yu,33. Both have a quartic dependency on the dimensionless parameters, λ and Λ or
Yt . This may be understood from their common origin as superpotential parameters. Both
couple the Higgs doublet to another doublet and a singlet (for λ and Yt ) or a triplet (for Λ)
of SU(2)L. The difference between singlet and triplet leads to a different prefactor in the
contribution to the Higgs boson mass, as is visible for example from the second term in
eq. (4.7).
Hence, a substantial enhancement of the Higgs boson mass from loop effects to
compensate the absence of stop mixing and reduction at tree-level is possible when
the λ and Λ parameters are chosen to be of order unity, comparable in size to the top
quark Yukawa coupling. Even as the tree-level reduction seen in eq. (4.3) is of quadratic
order in the superpotential parameters, the quartic dependency of the loop result (4.7)
on them can be enough to generate a mass of the SM-like Higgs boson close to the
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experimentally measured value. In the following, this is shown explicitly, taking into
account all dependencies as described in section 4.2.1.
NUMERICAL RESULTS
As it has been shown with eq. (4.7), the new λ and Λ parameters of the MRSSM are
important to achieve a large enhancement to the Higgs mass from loop corrections. In the
following, it is discussed which values are needed to get an SM-like Higgs boson mass of
around 125 GeV. For this, the normal ordered scenario is used where the lightest Higgs
boson is SM-like. The results are summarized in figs. 4.2 and 4.3.
Generally, the figures show for each of the four parameters λd , λu, Λd , Λu in the top panel
the tree-level, one-loop and two-loop mass prediction for the SM-like Higgs. The middle
panel shows the mass difference when comparing the full one-loop corrections with the
effective potential calculation using the quantity ∆meff.P. = mH1,full one-loop−mH1,one-loop eff. pot..
In the bottom plot the size of the two-loop corrections is depicted, which are discussed in
the next section. Figs. 4.2 and 4.3 are based on the benchmark points BMP1 and BMP2,
respectively.
The reduction in eq. (4.3) originating from enlarged mixing of the doublets with the singlet
and triplet on tree-level can clearly be seen. This reduction is quadratic in the superpotential
parameters. Taking the loop effects from eq. (4.7) with a quartic dependency on the
parameters into account compensates the reduction and actually leads to an enhancement
of the Higgs boson mass for larger absolute values of the λ and Λ. This can especially be
seen for Λu. This is comparable to the top-Yukawa effects as discussed before, which are
also included in the shown result.
The squark masses are chosen to be at one TeV for the benchmark points, and it can be
seen that this is not enough to achieve a Higgs boson mass of 125 GeV without the new
contributions. For fig. 4.2 (4.3) the contribution from stop-top loops is 28 GeV (24 GeV).
The different values for the benchmark points is due to the different choices of tanβ for
the benchmark points and the resulting difference in the numerical value of the top Yukawa
coupling. To further raise the Higgs boson mass, the MRSSM superpotential coupling
types λ and Λ, especially λu and Λu, are needed to be of order unity.
The difference in tanβ also influences the size of the needed loop contributions. The
tree-level prediction given in eq. (4.3) is reduced for small tanβ, which can be seen by
comparing both benchmark points. Additionally, it affects how important the down-type λd
and Λd are compared to the up-type parameters λu and Λu. It can be seen from the variation
of λd and Λd in fig. 4.2 that their respective one-loop corrections contribute at most a few
GeV. For fig. 4.3 these contributions are even less and it is clear that λd and Λd do not
contribute significantly to the Higgs boson mass as they always appear together with the
vev vd , which becomes small for rising tanβ. This is why the bulk of the unique MRSSM
one-loop contributions stem from the parameters λu and Λu as they are accompanied by
the vev vu.
The difference of the full one-loop calculation to the one-loop effective potential as
the quantity ∆meff.P. is shown in the middle panel of each plot. As this difference is
always negative, the effective potential result is always larger than the full result by several
GeV. The difference is roughly ten percent of the full one-loop correction, showing that
the effective potential approach is a convenient way to arrive at first results and get an
understanding of analytical dependencies but the full calculation is needed to minimize the
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Figure 4.2. For varying each of the four superpotential parameters λd , λu, Λd and Λu three
panels are shown. All other parameters are chosen as for BMP1. The top
plot contains the prediction of the SM-like Higgs boson mass at tree-level
(blue, dashed-dotted), one-loop (green, dashed) and two-loop (red, full) level,
the middle one the difference of the full one-loop Feynman diagrammatic
and effective potential approach and the bottom panel the difference of the
two-loop and full one-loop result. The lines are not continued when a tachyonic
state is encountered at tree-level mass calculation.
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Figure 4.3. Shown are the same plots as in fig. 4.2 with the unvaried parameters chosen
as for BMP2.
44













Figure 4.4. Shown are diagrams contributing to the two-loop effective potential via the
strong coupling.
uncertainties. The difference stems from the missing momentum dependent terms of the
effective potential approach, which are set to zero there.
In this section it has been made clear that the unique MRSSM parameter types λ and
Λ need to be of order unity to achieve the correct Higgs boson mass as loop diagrams
containing them contribute with quartic dependence as given by eq. (4.3).
4.2.4. TWO-LOOP CORRECTIONS
The inclusion of one-loop effects is important to arrive at the experimentally measured
Higgs boson mass. It is known from the MSSM that the one-loop result has a theoretical
uncertainty of the order of five GeV. As the experimental value (4.1) has a below GeV
uncertainty the inclusion of further loop orders is required for a more precise theory
prediction. Furthermore, new effects may appear on a certain loop order giving rise to
interesting effects.
In the utilized framework of the tools SARAH and SPheno it is also possible to add certain
two-loop corrections to the one-loop result. These contributions are taken in the gauge-less
limit, where the gauge couplings g1 and g2 of the broken gauge group SU(2)L × U(1)Y
are set to zero circumventing the problem of the “Goldstone catastrophe” discussed
before. Moreover, the momentum dependency of the two-loop diagrams contributing to
the self-energy Σ̂ in eq. (4.4) is neglected as they are derived in the effective potential
approach as described in section 4.2.2. All one-loop contributions are continued to be taken
into account completely.
When the two-loop effects are added, two qualitatively different types of contributions
exist. Firstly, contributions that exist at lower loop order get additional corrections. For the
MRSSM for example, this is true for contributions from Λ/λ and the Yukawa couplings.
Secondly, starting at a certain loop order, also genuine new effects may arise. The strong
coupling constant αs appears for the first time in the self energies for the Higgs boson
mass at the two-loop level. Both effects are investigated in the following.
The two-loop corrections stemming from α̂s are not only related to the gluon but also
the Dirac gluino and the sgluon, the scalar component field of the octet superfield Ô. The
diagrams contributing to the two-loop effective potential are shown in fig. 4.4. From the
MSSM it is known that corrections proportional to αs are sizeable of the order of five GeV
and also driven by the stop mixing parameter At . See refs. [167, 171–179] for calculations
using the effective potential approach and refs. [155, 180–182] for Feynman-diagrammatic
calculations.
For the MRSSM stop mixing is absent but the corresponding QCD corrections are still
expected to be large. Besides the absence of left-right squark mixing, another difference
of the MRSSM to the MSSM is the Dirac nature of the gluino mass parameter MDO. It
additionally appears via the mechanism of soft SUSY breaking as coupling parameter of
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MRSSM, mO =10 TeV
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MRSSM, mO =2 TeV
MRSSM, mO =10 TeV
MRSSM, no sgluon con.
MSSM, no stop mixing
MSSM, stop mixing
Figure 4.5. The figure compiles the numeric investigation of two-loop contributions to the
mass of the SM-like Higgs boson depending on MDO. The left plot shows the
contributions from the different sectors, all other parameters are set as BMP3.
The middle (BMP1) and right (BMP3) plot give for the MRSSM two lines for
scenarios with different sgluon masses and without sgluon contributions as
well as for the MSSM lines for comparable scenarios with and without stop
mixing.
the sgluon to the squarks, especially the stops, via the D term (2.34). Hence, MDO is the
coupling appearing in the vertices of the right diagram in fig. 4.4.
The main contributions from the different sectors to SM-like Higgs boson mass are
shown on the left of fig. 4.5 depending on the gluino mass parameter MDO. The main
correction comes from the gluon diagram, given by the difference between the red and
cyan line, and amounts to around four GeV. The contributions from diagrams containing a
gluino, the difference of the red and green line, can be around one GeV for large MDO. The
sgluon gives a positive correction, comparing the blue and green line, which becomes very
large and of the order of several GeV. For very high MDO this contribution becomes larger
than the gluon one. The other, non-QCD contributions for the shown points are below half
a GeV.
On the two plots on the right of fig. 4.5 a comparison of the MRSSM to the MSSM is
given for two different benchmark points. In tab. 4.1 the corresponding relevant MSSM
parameters are given which where used to calculate the MSSM lines. It can be seen that
the MRSSM result excluding the sgluon contributions strongly resembles the MSSM with
no stop mixing. This can be understood as similar Feynman diagrams are calculated for the
effective potential. Both of course contain the gluon contribution given by the diagram on
the left of fig. 4.4. As only one chirality of the Dirac gluino couples to quarks, the second
and third diagram also give the same result as in the MSSM.
If the sgluon diagram on the right of fig. 4.5 is included for the MRSSM, the result is
comparable to the MSSM with strong stop mixing. For the MSSM, stop mixing adds an-
other contribution to the diagrams. This can be explained in a mass insertion approximation
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middle panel 3 600 500 400 700 10002 20002 10002 0 0/2000
right panel 40 250 500 400 700 10002 20002 10002 0 0/2000
Table 4.1. Definition of the fixed parameters for the MSSM points in fig. 4.5. All parameters
in GeV or GeV2, where appropriate. The stop mixing parameter Xt = At −µ cotβ
is given both for the case of no and large stop mixing.
where the diagrams then are proportional to the stop mixing parameter Xt , just as the
unique MRSSM diagram on the right of fig. 4.5 is proportional to MDO.
As is clear from the left panel of fig. 4.5, the main two-loop corrections stem from the
QCD corrections and amount to around four GeV for the benchmark points. Taking this into
account, in figs. 4.2 and 4.3 the two-loop corrected Higgs boson masses varying with the
parameters λd , λu, Λd and Λu are shown for BMP1 and BMP2, respectively. The top panel
of all plots shows that the two-loop corrections help to bring the Higgs boson mass to the
experimental value of 125 GeV. The bottom panel shows the difference of two-loop and
one-loop corrected Higgs boson mass ∆m2L = mH1,2L − mH1,2L. For most of the parameter
range these corrections are around five GeV as in fig. 4.5. Then, the bulk of the contribution
is from QCD effects while the contributions from the λ/Λ parameters amount to below
one GeV. Just when the magnitude of Λu and λu rises much above unity the corrections
become large. But this is also the regime where the one-loop contributions are sizable
and the two-loop diagrams only give a small correction to them. The relevance of Λu
and λu compared to Λd and λd is in line with the discussion on the one-loop corrections,
as the parameters always appear together with the vevs vu and vd , respectively, in the
expressions for the self energies, and for large tanβ, vd  vu holds.
To summarize, the two-loop contributions to the Higgs boson mass are in the relevant
parameter region dominated by the QCD contributions and the effects from the Yukawa-
like λ/Λ parameters are sub-dominant and much smaller than their respective one-loop
corrections exhibiting convergence in the perturbation series.
4.2.5. HIGHER-ORDER UNCERTAINTIES AND SCHEME DEPENDENCY
To get an estimate on the uncertainty of the Higgs boson mass from higher-order correc-
tions, refs. [183] and [184] for the MSSM and NMSSM, respectively, are used as a starting
point for the discussion. There, two-loop corrections from the strongly interacting sector
and their implementation in different spectrum generators for the MSSM and NMSSM and,
among other things, the influence of different higher-order contributions in the DR scheme
are presented. The difference originates from different implementations of the spectrum
generators that are correct up to two-loop order but differ for higher orders. The two-loop
uncertainty in the MSSM and NMSSM for the DR scheme is estimated to be at least 3
GeV mainly depending on the treatment of the top Yukawa coupling. The MRSSM shares
the most important contributions from the strong sector with the other models and, hence,
it can be assumed that the uncertainty on the Higgs boson mass from the calculations
presented here is also at least of this magnitude.
Furthermore, all two-loop corrections are derived from the effective potential approach
and miss the momentum-depended terms of the full result. To estimate the uncertainty
47
4. SUSY Higgs physics
from this part of the calculation, the relative difference between the full and effective
potential result at the one-loop level can be used as a measure. As discussed before, this
difference amounts to around ten percent of the full one-loop correction. Taking this as the
relative uncertainty of the two-loop momentum-depended part, it can be assumed that the
absolute contribution is the order of half a GeV.
Another way to understand the uncertainty on the mass is to study the prediction of
different renormalization schemes which also captures differences from higher-order loop
corrections. This is well known for the MSSM [185, 186], where the difference between
the on-shell and the DR scheme at the one-loop level can be more than ten GeV. This
reduces when adding the two loop contributions to three GeV in agreement with the
previous assessment.
Recently, a study for the MRSSM was presented in ref. [187]. There, the results given by
fig. 4.5 were confirmed in the DR scheme and extended by comparing to the calculation
in the on-shell scheme. It is shown that the result of a steeply rising Higgs boson mass
for large values of the gluino mass parameter MDO should not be interpreted as a physical
effect but rather an artifact of the DR renormalization, namely the non-decoupling of the
scheme.
4.3. HIGGS OBSERVABLES
As the Higgs boson of the SM was long sought after, a wealth of experimental data
exists concerning it and any additional states must evade bounds set by this information.
After discovery at the LHC, the time for precision measurements for the properties of the
Higgs boson has begun, usually taking the SM Higgs boson as basis. Any BSM model,
like the MRSSM, also has to accommodate this data. The tools HiggsBounds-4.2.2 and
HiggsSignals-1.4.1 [188–193] take advantage of the available information and provide the
possibility to test a phenomenological model in a correct statistical framework.
The mass spectrum generator of the MRSSM of SARAH and SPheno can produce files
containing the effective Higgs couplings required as possible input by HiggsBounds and
HiggsSignals. Then, the MRSSM Higgs sector of a parameter point is checked against all
experimental constraints included in HiggsBounds by using the option LandH. This includes
data from LEP, Tevatron and LHC, where the mass and signal strength limit from LEP
is the strongest quantifier for Higgs bosons below 115 GeV. Above that threshold the
hadron collider results are relevant. To verify the properties of the SM-like Higgs boson
all peak observables available are used (option latestresults and peak) with HiggsSignals.
The mass uncertainties are described using a Gaussian shape and as discussed before
it is assumed that the mass of the SM-like Higgs boson has an uncertainty of three GeV
following the discussion in the previous section.
A simplified approach is used for the interpretation of the HiggsBounds and HiggsSignals
results. A parameter point is excluded by HiggsBounds using the 95% C.L. limit given by
the program and by HiggsSignals when its approximately calculated p-value is smaller
than 0.05. When both constraints apply, the point is excluded by both tools. For a more
complete statistical treatment of extended Higgs sectors see refs. [194] and [195]. In the
case of the MRSSM this approach is left for future work.
Fig. 4.6 shows the first application of HiggsBounds. Here, the exclusion contour in
the plane of the MSSM pseudo-scalar Higgs boson mass mA (2.47) and tanβ is given.
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Excluded by HB (blue)
Figure 4.6. The exclusion limit by HiggsBounds is given in the mA-tanβ parameter plane.
For each point Λu has been varied to achieve the correct SM-like Higgs boson
mass. The yellow region is allowed, while the blue region is excluded by
HiggsBounds. All other parameters are chosen as for BMP3.
Additionally, the parameter Λu is varied to achieve the correct SM-like Higgs boson mass
for each point in the plane. All other parameters are chosen as for BMP3. The plot shows a
lower limit on the mass mA for each value of tanβ ranging from 300 GeV for tanβ = 5 to
1000 GeV for tanβ = 40. An analogous plot is well known for the MSSM, see for example
ref. [196], fig. 1 or 3. There, a wedge-shape region in the comparable parameter space
is not excluded. When comparing to fig. 4.6 a similar boundary can be found with the
same explanation for both plots. The allowed region gives the parameter space where the
decoupling limit with mA  mZ and α = β − π/ 2 (the angle diagonalizing the scalar mass
matrix in the MSSM) is valid and the SUSY model can not be separated easily from the
SM. For the MSSM, a lower bound of tanβ = 5 independent of mA also exists which does
not appear for the MRSSM. This bound depends on the scenario of the MSSM, usually
mhmax [197, 198] or m
h
mod [196], and in this region it is not possible to achieve a lightest
Higgs boson mass above the exclusion limit from LEP [199] of roughly 115 GeV, thereby
excluding this region. This is not the case in the MRSSM, as Λu is adjusted to ensure the
correct mass to the SM-like Higgs boson.
No figure is given here with regards to HiggsSignals for the normal ordered scenario
as the mass measurement of the scalar resonance seen at the LHC alone is the most
important constraint. In this scenario, the lightest Higgs boson is SM-like and its properties
are within experimental accuracy. The light singlet scenario is studied in the next section and
non-trivial parameter regions disfavored by Higgs observables and, hence HiggsSignals,
are given.
4.4. PHENOMENOLOGY OF A LIGHT SINGLET SCENARIO
In section 3.4 it was pointed out that the MRSSM contains a singlet Higgs boson, which
could be lighter than the SM-like Higgs boson and several benchmark points were defined
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highlighting interesting parameter regions. In this section, consequences for the Higgs
phenomenology of a light singlet are discussed. When numerical results are presented,
they include all the higher-order effects up to two loops as discussed before.
4.4.1. MIXING OF STATES
To understand the impact on the phenomenology of a lighter than the SM-like Higgs singlet
state, the limit of large tanβ and heavy mA is taken. Then, the SM-like Higgs boson is
dominantly given by the up-type field φu, and it is sufficient to concentrate on the two by
two sub-matrix of the Higgs scalar mass-square matrix corresponding to the (φu,φS) fields
only, which is
Mφu,S =

















where the dominant radiative correction ∆m2rad to the diagonal element of the doublet field
φu, discussed in the previous sections, is included.
In the light singlet scenario with mH1 < mH2 ≈ 125 GeV, several consequences may be
derived for the most important parameters appearing in the mass matrix:
Singlet soft mass m2S: The soft breaking parameter m
2
S appears in the diagonal element
for the singlet field φS in the mass matrix (4.9). To ensure that the lightest scalar






therefore the numerical value of m2S has to be limited to below (120 GeV)
2.
Dirac bino-singlino mass MDB : The Dirac mass parameter M
D
B is present in the scalar
mass matrix due to the supersymmetry breaking term in eq. (2.53). It appears in the








≈ (60 GeV)2 , (4.11)
similar to the one on m2S to keep the singlet-diagonal element smaller than the doublet
one. With this conclusion, also constraints on dark matter and direct LHC searches
can be drawn. After all, the bino-singlino mass parameter appears in the neutralino
mass matrix and is the dominant parameter that determines the LSP mass in the
light singlet/bino-singlino scenario.
Higgsino mass µu: The higgsino mass parameter µu appears in the off-diagonal element
of the mass matrix in eq. (4.9) in combination with λu. Moreover, µu enters as a
parameter in the chargino/neutralino sector, and it is strongly limited from below by
the direct chargino searches and dark matter constraints as is discussed in chapter 6.
Yukawa-like parameter λu: The Yukawa-like parameter λu multiplies the higgsino mass
parameter µu in the off-diagonal element of eq. (4.9). The off-diagonal element must
be small enough in order to avoid a negative determinant of the mass matrix and
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hence tachyonic states. In the simple limit vS, mZ  µu, avoiding tachyons leads to







There might be an accidental cancellation between λu and the g1 term. But it has
been shown that dark matter constraints in chapter 6 require µu to be larger than the
other dimensionful parameters mZ , mS and MDB . Hence, the value of λu is necessarily
very small.
In summary, these simple considerations lead to the following promising parameter hierar-
chies for a light singlet scenario:
mS, M
D
B < mZ < µu , |λu|  1 . (4.13)
Taking these hierarchies into account, the tree-level and one-loop approximations,
eqs. (4.3) and (4.7), need to be adapted to be valid in this scenario. The tree-level ap-
proximation for the mass of the SM-like Higgs boson H2 in the light singlet scenario
undergoes not only a sign-flip for the singlet contribution but also the denominator needs
to be replaced by the difference of the diagonal elements of the mass matrix (4.9). Then,
with the same approximations as for eq. (4.3), the formula reads


























For completeness, the approximate mass of the lightest state, which is singlet-like, is then
given as



















The radiative corrections to the doublet diagonal element of the mass matrix ∆m2rad are
assumed to be the dominant ones for the following discussion. At the one-loop level, the
correction from the top-Yukawa (4.8) is of course the same but the corrections from the
new Yukawa-like superpotential parameters change, as λu needs to be small as does the
ratio of the singlet and singlino mass parameters appearing in the logarithms, which is
clear from the hierarchy (4.13). Hence, only the triplet parameters contribute substantially
to the one-loop correction and using similar approximations as for eq. (4.7) the analytical
expression becomes



















The contribution for the top and stops in eq. (4.8) is the same as in the normal ordered
scenario.
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Figure 4.7. Shown is the squared mixing matrix element (ZH12)
2 of the Higgs mass ma-
trix (C.6) depending on the lightest Higgs boson mass for a scan over parameter
points. All points of the following fig 4.8 are included. The marker and its
color show if it is allowed (yellow circle), excluded by HiggsBounds (blue down-
triangles), by HiggsSignals (blue up-triangles) or by both programs (violet
diamonds). The upper left of the plot is not populated by points as the SM-like
Higgs boson mass has been fixed to 125 GeV and it is not possible to achieve
strong mixing for lower masses of the light state.
4.4.2. HIGGS OBSERVABLES
The doublet-singlet mixing determines how the Higgs boson mass is affected at tree
level by eq. (4.14). The mixing is strongly limited by Higgs observables and searches for
additional Higgs bosons. The study of other Higgs observables besides its mass has been
described in section 4.3, and the programs HiggsBounds and HiggsSignals have been
introduced. These tools are used here to constrain the relevant parameter space of the light
singlet scenario further. It is obvious that in the state lighter then the SM-like Higgs boson
has to evade limits from direct searches for light scalars, especially the LEP results [199],
requiring a large singlet content. Fig. 4.7 shows if a parameter is allowed (yellow circles)
or excluded by HiggsBounds (blue down-triangles), HiggsSignals (green up-triangles) or
both (violett diamonds), depending on the lightest Higgs mass and its doublet content.
HiggsBounds restrains the mixing element squared (ZH12)
2 < 0.02 for masses below 80 GeV
from LEP data. Above this mass the limit becomes significantly weaker as a fluctuation
was measured in the data which weakens the bound. At around 90 GeV, HiggsSignals
constrains (ZH12)
2 < 0.15 as the SM-like Higgs boson would become too singlet-like above
that.
Fig. 4.8 shows the resulting excluded and allowed regions in the plane of mS and MDB for
two different values of λu. A variation of Λu is performed to achieve the correct mass for
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Figure 4.8. The exclusion limits by HiggsBounds and HiggsSignals are given in the
mS-MDB parameter plane. For each point Λu has been varied to achieve the
correct SM-like Higgs boson mass. The yellow region is allowed, while the
blue (green) region is excluded by HiggsBounds ( HiggsSignals) and the violet
region by both tools. For the left plot λu = 0.0, while it is −0.01 for the right
plot. All other parameters are chosen as for BMP6.
the observed Higgs boson over the whole investigated parameter region; the remaining
parameters are fixed to the values of BMP6. In combination, both plots show that the light
singlet scenario in the MRSSM is feasible for mS < 100 GeV and MDB < 55 GeV. This is a
similar range as considered before when using simple approximations for the tree-level
scalar mass matrix, with the exemption of the parameter space with large mixing and
level-crossing. Moreover, it can be learned from the plots that the parameter λu has a
considerable effect on the allowed regions. A small change from zero to (−0.01) leads to a
significant change in the allowed regions, which is caused by λu appearing in combination
with the similarly small term ∝ g1MDB /µu resulting in possible cancellations.
The exotic decays of the SM-like Higgs boson into the light singlet-like states and the
neutralino LSP are summarized in Appendix D. The result is that with the requirement
of small mixing between the singlet-like and SM-like Higgs boson also the decays into
the additional bosonic states and the LSP are suppressed and not accessible by current
experiments. Furthermore, it is ensured that the decay of the Z boson into a pair of LSPs, if
kinematically allowed, is also suppressed and not in conflict with LEP measurements.
4.4.3. MASS CONTRIBUTION FROM MIXING
With the study of Higgs observables it is now easy to understand how much the singlet and
doublet are allowed to mix and still be in agreement with experimental results. This makes
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it possible to understand how the mixing can raise the Higgs boson mass at tree-level
following eq. (4.3). In fig. 4.9, the Higgs boson masses (top), the relevant mixing matrix
elements squared (middle) and mass splitting compared to the normal ordered hierarchy
scenario are shown depending on MDB (left) and mS (right). The solid green line represents
the SM-like Higgs boson, defined as the more doublet-like state, and the dashed blue line
the singlet-like state. For the mixing matrix elements the solid green (dashed blue) line
shows the doublet (singlet) content of the lightest state and singlet (doublet) content in
the second lightest state, respectively. The contributions to the mixing from the other two
states are numerically small. It can be seen that the hierarchy given in eq. (4.13) identified
for MDB and mS is valid. If the Dirac mass parameter M
D
B is below 60 GeV or the soft SUSY
breaking scalar mass mS below 60 GeV, respectively, the lightest state is singlet-like. Higgs
observables, as included in HiggsBounds and HiggsSignals, put rather strong bounds on
the singlet mix-in to the SM-like Higgs boson and doublet mix-in to additional scalar states.
Hence, the value of (ZH12)
H is bound to be less than roughly 0.2 as can be seen in fig. 4.7,
although it also depends mildly on the mass range of the other states. This reduces the
upper limit on MDB and mS to 50 GeV and 70 GeV, respectively.
The additional contribution to the mass of the SM-like Higgs boson is above ten GeV for
MDB and about five GeV for mS purely from mixing effects if the mass is close to the level
crossing. Including the limits from Higgs observables, the effect is substantially reduced.
Then, the gain to the mass of the SM-like Higgs boson from the tree-level mixing with the
singlet state is expected to be around three to four GeV for realistic scenarios reducing the
size of the needed loop corrections.
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Figure 4.9. Shown are plots for mixing of the singlet and doublet state in the MRSSM
depending on MDB (left) and m
2
S (right). The top panels show the masses of
the singlet-like (dashed, blue) and SM-like state (full, green). The second row
gives the mixing matrix elements for the mix-in of the singlet (up-type doublet)
into the lightest state as dashed blue (full green) line. In the bottom row the
difference of the SM-like Higgs boson mass to the mass, when MDB and m
2
S
are of a magnitude as in the normal ordered scenario, is shown. All non-varied
parameters are chosen as for BMP4.
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4.5. SUMMARY
In this chapter different avenues to interpret a 125 GeV SM-like Higgs boson in the MRSSM
have been explored. Even as one of the important mechanisms of the MSSM, the loop
correction from stop mixing, is forbidden by R-symmetry, the general result is that the
observed resonance can be explained within the MRSSM. To achieve this result, new
mechanisms are required.
The MRSSM contains additional states and couplings which affect the mass of the Higgs
boson via mixing at tree-level and result in novel loop contributions. It has been shown that
if the discovered state is the lightest Higgs boson, the mixing actually leads to a reduction
of the mass. This can be compensated via the loop corrections, and the higher-order
contributions actually allow to arrive at the experimental value. The new superpotential
parameters λd , λu, Λd and Λu play an important part to obtain the correct Higgs boson
mass as is shown in fig. 4.2 and 4.3.
Alternatively, it is possible that the SM-like Higgs boson is not the lightest scalar state,
but a lighter state exists. The singlet of the MRSSM is a natural candidate for it. Then, the
Higgs boson mass can get a positive contribution from the mixing of the doublet with the
singlet state as shown in fig. 4.9. This puts constraints on the parameters determining the
singlet-like Higgs boson mass, MDB and m
2
S.
Furthermore, the parameter space of the MRSSM has been explored in this chapter
using Higgs observables. Fig. 4.6 shows that the exclusion power of these experimental
constraints is similar to the MSSM for a comparable choice in the parameter space. In the
scenario with a light singlet the observables allow only for a small mixing of the singlet and
doublet as can be seen in fig. 4.7. Therefore, the contributions to the Higgs boson mass




Measurement of electroweak observables are among the most precise in experimental par-
ticle physics. Examples for such precision tests are anomalous magnetic dipole moments
of the electron [200] and muon [12]. A wealth of data is available from LEP for electroweak
precision measurements at the Z boson pole [201, 202] as well as the mass determinations
of the electroweak gauge bosons. This information can be used to put stringent constraints
on any model of new physics, like the MRSSM.
A description of how the MRSSM is matched to the SM at the Z boson pole mass
scale has been given in section 3.3. The choice of the electroweak input parameters
mZ , Gµ and α̂MSSM(mZ ) takes the most precisely measured quantities as input but leaves
the determination of the weak mixing angle θ̂W and the W boson pole mass mW as a
non-trivial calculation. In this chapter the procedure of calculating mW in the MRSSM
with the matching to the SM chosen as described in section 3.2 is presented. It follows
ref. [102], but special care is taken to include the triplet vev which contributes to the mW
prediction already at tree level, see eq. (2.59). To achieve a realistic prediction of the W
boson mass certain reduceable higher-order corrections are resummed and the leading
two-loop corrections are taken into account.
In the second part of this chapter the oblique electroweak precision parameters S, T
and U are introduced. They are useful to capture the main contributions of new physics
to processes at the electroweak scale and to compare to experiment. Additionally, it is
straightforward to calculate approximate analytic expressions for them and understand the
leading effects and their parameter dependence. Finally, the approximate expressions for
S, T and U can also be used to derive a prediction for mW . This is than compared to the
result of the full calculation and helps to identify the main sectors contributing to the mass.
The results presented in this chapter are based partially on ref. [145].
5.1. ELECTROWEAK MIXING ANGLE AND MASS OF THE W BOSON
In the following, the calculation of the DR weak mixing angle and the on-shell W boson
mass in the framework of section 3.3 are depicted. It is correct on the complete one-loop
level and takes certain resummable higher-order contributions into account following
57
5. Electroweak precision observables
ref. [203]. Furthermore, leading two-loop SM corrections are included. Then, it is possible
to use this prediction of the W boson mass for comparison with the experimental value
to limit the parameter space of the MRSSM. The experimental value for the W boson
mass [98] is
mW = 80.385± 0.015 GeV , (5.1)
which has almost a 2σ deviation from the SM prediction of
mSMW = 80.360± 0.010 GeV . (5.2)
This value was derived by inserting the input parameters used in this work (A.3) into the
fitting formula from ref. [204], and the uncertainty includes the unknown higher-order
contributions and the variation of input parameters in the 1σ region.
5.1.1. FORMAL ONE-LOOP CORRECTIONS
For the rest of this work the sine and cosine of the DR and on-shell weak mixing angle are
abbreviated as follows
sW ≡ sin θW =
√




ŝW ≡ sin θ̂W =
√






From this follows in general that ĉW 6= m̂W / m̂Z where m̂W , m̂Z are the DR renormal-
ized gauge boson masses given by the other DR parameters using the tree-level rela-
tions (2.59). In all formulas of this chapter α̂MSSM(mZ ) is already replaced using the threshold
corrections (3.18) by α̂DRMRSSM(mZ ), which is denoted as α̂. If not otherwise noted the
renormalization scale is set to the Z boson pole mass µ = mZ .
The parameter ∆r̂ collects all higher-order corrections when calculating the weak mixing





2Gµm2Z (1 − ∆r̂ )ρ̂tree
(5.5)
with ρ̂tree defined below. To calculate the W boson pole mass from this, several intermediate
quantities need to be defined to find the expression for ∆r̂ and mW . The first quantity, the











which in the SM and MSSM is one at tree level and catches certain higher-order corrections
to the gauge boson masses from e.g. the top quark. As noted before, it differs already
from one at tree level for the MRSSM. Hence, it is necessary to separate the tree-level
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Here Π̂TV V (p
2) denotes the transversal part of the DR renormalized self-energy of a vector




1 − ∆ρ̂ − ∆ρ̂tree
. (5.9)
The parameter ρ̂ becomes an observable in the MRSSM because of the tree-level
contribution and an additional experimental input, like mW , could be used to fix vT . In
this thesis ρ̂ is kept unconstrained and the value of mW is a prediction which needs to
be compared to experiment. In comparison to ref. [203] all appearances of ρ̂ in equations
related to higher-order effects need to be replaced by the loop part 1/ (1 − ∆ρ̂). Then, ∆r̂
















δV B . (5.10)
Here, δV B contains the contributions from the vertex and box diagrams to the muon decay
as well as the additional wave function renormalization of the external legs. A detailed study
of δV B can be found in [205]. For the connection of the W boson pole mass to the muon
decay another relation is needed with a different set of radiative corrections, collected in
the parameter ∆r̂W :
ŝ2W =
πα̂√
2Gµm2W (1 − ∆r̂W )
. (5.11)
Using the connection of ∆r̂W to the previously defined higher-order parameters
∆r̂W = ∆ρ̂(1 − ∆r̂ ) + ∆r̂ (5.12)










2Gµm2Z ρ̂(1 − ∆r̂W )
]
. (5.13)
All parameters depend on intermediate results like ŝW so as described in section 3.3 an
iterative algorithm is needed to calculate consistent values.
5.1.2. HIGHER-ORDER QCD CORRECTIONS
For a meaningful prediction of the W boson mass also the leading two-loop QCD-mt
contributions have to be included. This is done following ref. [102] by adding contributions
to ∆r̂ and ∆ρ̂ as of equation (C.5) and (C.6) of this paper. As one of the scenarios examined
here contains another Higgs state lighter than the SM-like Higgs boson, their respective
mixing has to be taken into account. Hence the contributions from the two lightest Higgs
bosons are considered, which modifies equation (C.9) of ref. [102] such that the following
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The assumption that the heavy Higgs bosons can be taken as decoupled is kept. In this

















































































with xt = 3Gµm2t / (8π
2
√
2). These contributions add the SM corrections of O(ααs) and
O(α2(m2t / m2W )
2) [206].
5.1.3. THEORETICAL UNCERTAINTIES
To compare the experimental value of the W boson mass (5.1) and the MRSSM prediction
in a meaningful way the uncertainty of the MRSSM calculation needs to be understood.
The two sources of uncertainty are on the one hand the uncertainty bands on the value
of the input variables and on the other hand the missing knowledge of the higher-order
corrections. The uncertainty coming from the input values amounts to ∆minputW ≈ 0.005 GeV.
The unknown higher-order corrections contain the complete SUSY two-loop corrections
and sub-leading SM two-loop corrections not captured by the contributions described in
the previous section 5.1.2 and all higher corrections. The latter ones are mainly given by
the ones of O(α2), which are expected to be dominating over the other SM and SUSY
two-loop contributions. The contributions of this order coming from one-loop corrections
are resummed by the use of eq. (5.13) to calculate the W boson mass. They are actually
completely known for the on-shell renormalized calculation using the parameter ∆r as given
in ref. [204], tab. 1, and amount to roughly ten percent of the one-loop O(α) correction. As
a conservative estimate, this contribution is assumed to be leading higher-order uncertainty
and when inserted into the mass formula leads to a value of ∆mhigher orderW ≈ 0.009 GeV.
Adding the two sources of uncertainty linearly the complete uncertainty of the W boson





W = 0.014 GeV . (5.18)
This is of similar size as the uncertainty of the experimental value (5.1).
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5.2. ELECTROWEAK PRECISION OBSERVABLES
The presentation of numerical results for the W boson mass are postponed to the end of
this chapter. First, a study of the electroweak precision observables is described which also
allow for a qualitative understanding of the mW dependency on the MRSSM parameters.
5.2.1. INTRODUCTION
A way to describe the influence of new heavy states, which are not directly accessible by
experiments, on the electroweak sector of the model is the use of parameters which are
very sensitive to contributions beyond the SM. Several sets of such variables exist, for this
work the focus is on S, T and U [207–212]. They are defined by the oblique corrections from
the new sector to electroweak precision observables and are given by by the contributions
to the propagators of the electroweak gauge bosons. These contributions are exemplified
by the generic Feynman diagrams in fig. 5.1, where the respective contributing fields need








































(S + U) =





















Here, “new physics” stands for taking the results of the full model and subtracting the
SM part with the approximation that the non-SM contributions and interference effects
are sufficiently small. Because of Ward identities the photon self-energy Π̂TAA(q
2) and
Z boson–photon mixing self-energy Π̂TZA(q
2) vanish for the beyond SM contributions at









, XY ∈ {ZA, AA} . (5.22)
Similarly, the differences of self energies for S and U can be approximated using the
respective derivatives at zero momentum transfer, which neglects terms of O(q4) when
expanding the self energies in powers of the momentum,





















Figure 5.1. Shown are Feynman diagrams depicting generic gauge boson self-energy
contributions.
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The following discussion is done at the one-loop level not taking into account new physics
contributions of higher order. Moreover, the influence of ∆ρ̂tree is assumed to be small
and treated as an effective one-loop effect. Using S, T and U and further assuming that
the oblique corrections from new physics dominate over the ones of the vertex and box
contributions to δV B the mass of the W boson can be written as
m2W = m
2



















Here, the SM part is the SM prediction and has the value given in eq. (5.2). For the MRSSM
also the tree-level contribution δtree-level from the triplet vev (2.59) has to be added.
5.2.2. QUALITATIVE DISCUSSION
In this section, the contributions of the different MRSSM sectors to the parameters S, T
and U and their relative contribution to eq. (5.24) are discussed. A first understanding can
be grasped from the comparison with leading SM contributions. It is well known that, if not
taken as part of the usual SM, effects from the top and bottom quark to the T parameter

















and NC the usual QCD color factor. If the bottom quark mass is neglected and the top










As can be seen from eq. (5.27), Yukawa parameters can have strong effects on the oblique
parameters if they are of order one. In the MRSSM, the λ and Λ parameters are new
Yukawa-like couplings and if they are sufficiently large can have similar effects as the top
Yukawa. This has already been seen in the context of the Higgs boson mass in chapter 4.
In the following, the limit of large tanβ is taken, additionally, the singlet and triplet
vevs are assumed to be small, leading to the hierarchy vu  vd , vS, vT ≈ 0. This leads
in general to the case of Λd and λd not appearing in the approximation formulas given
below. Under the assumption of small mixing between the up- and down-type sector their
dependence can be restored by replacing the set of parameters {vu,Λu,λu,µu, m2Ru } with
{vd ,Λd ,λd ,µd , m2Rd }.
MSSM-LIKE CONTRIBUTIONS
The relevant superpartners of the MRSSM similarly appearing in the MSSM, the sleptons
and squarks, give the same contributions as in the MSSM without left-right mixing, for
T see e.g. ref. [213]. As example the stop-sbottom contributions are given here which,
because of the large top Yukawa coupling, dominate all other corrections and for the limit
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As their SUSY masses are at the TeV level, contributions from sfermions are sub-leading to
the ones from other sectors.
Already for these contributions a tendency is visible which repeats itself for most of the
corrections from the other sectors. In lowest order, the U parameter depends on the fourth
power of the Yukawa coupling times a vev (as mt = Ytvu/
√
2) over a SUSY mass such
that it becomes dimensionless. The S parameter depends quadratically on this parameter
combination. This is also true for the T parameter, but it contains also a factor Yukawa
coupling times vev over W boson mass squared as is clear from its definition. Hence, like
the U parameter, T depends on the fourth power of the Yukawa coupling in lowest order,
but is only suppressed by a second power of the SUSY mass.
As pointed out in the previous section, fields interacting with the Higgs bosons via
superpotential parameters and receiving contributions to their mass from electroweak
symmetry breaking contribute to the electroweak precision parameters, like top and stops
in eqs. (5.27) and (5.28). As the unique parameters Λ and λ of the MRSSM are of this form,
their contributions are investigated in the following, first for the Higgs and R-Higgs bosons
and then for the neutralinos and charginos.
NEW BOSONIC CONTRIBUTIONS
Higgs sector The Higgs sector depends on the λ and Λ parameters via the singlet and
triplet Higgs fields, additionally the Higgs boson masses are also governed by the
soft parameters m2S,T , which are large for all the benchmark points considered. The
approximation taken here is the gaugeless limit, g1 = g2 = 0, and setting λu = 0. This
leads to µu = Bµ = m2hu = 0 to fulfill the tree-level tadpole equations. Then, S, T and
U are given as



























As expected, the expression have a qualitatively similar parameter dependence as in
the stop case (5.28), when the top Yukawa coupling is replaced by Λ and the stop
soft breaking mass by the triplet soft mass.
R-Higgs sector The contributions from the R-Higgs bosons have a structure similar to the
Higgs boson contributions. For a qualitative study, the general limit vS = vT = vd = 0
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This is completely analogous to the results for the Higgs sector, showing the same
dependencies on the superpotential parameters, vev and relevant soft breaking
masses.
All bosonic contributions due to the Λ and λ superpotential couplings have a similar form and
contribute proportionally to the vev times superpotential parameter to the fourth (second)
power for T and U (S), while the S and T (U) parameter are suppressed by a second (fourth)
power of the SUSY mass parameter. As with the sfermion contributions, it is expected
that the T parameter receives the largest corrections. Still, all bosonic contributions are
suppressed by a large soft breaking scalar masses in the scenarios considered here.
A comparable dependency is expected for the fermionic contributions, substituting
the soft breaking scalar mass parameters by the Dirac masses and µ parameters. As
the masses of the scalar superpartners are taken to be larger than the masses of the
fermionic superpartners, it is to be expected that the fermionic contributions, discussed in
the following, are in fact the leading ones.
NEW FERMIONIC CONTRIBUTIONS
The charginos and neutralinos give potentially large corrections to the oblique observables
as the λ and Λ superpotential parameters appear in conjunction with the Dirac mass
parameters µd , µu, MDB and M
D
W . As especially for the four by four neutralino mass matrix
non-trivial mixing effects can appear, several phenomenologically different scenarios are
investigated to arrive at simple analytical expressions.
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Compared to the sfermion case given in eq. (5.28), there is a similar dependency on
the superpotential parameter, such that Yt is replaced by Λu or λu and the soft SUSY




B , respectively. The T and U parameter show the
same quartic dependency on the Yukawa-like couplings and T is only suppressed by
the square of the SUSY breaking mass. As the limits on the soft breaking squark
masses are far more stringent than any limit on chargino or neutralino masses, it can
be expected that the contribution from the fermionic sector is dominating with the T
parameter giving the major contribution to mW .
Charginos/neutralinos as vector-like fermions A similar conclusion can be drawn in an
example with non-vanishing couplings using the N = 2 SUSY limit of the MRSSM.




2λd and g2 = Λu = Λd . For a vector-like limit, Λu is set to zero
in the neutralino/chargino tree-level mass matrices and the S̃–B̃ singlet and the R̃u–h̃u
doublet mix just like the vector-like fermions considered in ref. [214]. Keeping the
masses µu and MDB independent, with x = µu/M
D







(3(3x2(1 − x) − 1) log x2
(1 − x)5(1 + x)2
−
6 − 4x + 3x2 − 4x3 + 15x4 − 4x5



















( (x − 1 − 4x2) log x2
(1 − x)5(1 + x)2
−
13 − x + 17x2 − 5x3










The result for U is an order higher in v2u / (M
D
B )
2, but as the polynomial is rather lengthy
and gives no further insight, it is not shown here. In the limit µu → MDB , or x → 1,














































These results can also be derived from eqs. (5.32), if the limit g1 = −
√
2λu is taken.
Again, the parameters depend similarly on the superpotential parameter, the vev and
the soft breaking mass parameter as in eqs. (5.28) and (5.31).
No Dirac masses In the limit of no SUSY breaking, where MDB,W = µu,d = 0, the behavior

































































+ “g1,2-terms” . (5.35)
As the soft breaking Dirac masses and the µ parameters are set to zero, the vev is
the only dimensionful parameter that could appear in expressions for the oblique
parameters. The electroweak precision observables are dimensionless, hence the
vev can not appear in the formulas for the S and U parameter, if the approximation
with the derivatives (5.23) is used. This is comparable to the result for an additional
SU(2)L doublet given in ref. [209]. The T parameter is defined with a vector boson
mass in the denominator and therefore contains the ratio v2/ m2W . This is analogous
to the dependency of the T parameter on the top Yukawa in eq. (5.27); the logarithm
originates from the splitting of corresponding chargino and neutralino masses, sim-
ilarly as in the known top-bottom result (5.25). The Λ/λ parameters appear in the
same power as the top Yukawa coupling, as is expected from their common origin as
superpotential parameters.
To summarize the previous examples: The neutralino and chargino contributions to the
S, T and U parameters can be analytically understood by comparison with the known top
and stop result from the SM and MSSM. In the case of no Dirac masses appearing in the
respective mass matrices, the electroweak symmetry breaking is the only mechanism
introducing parameters with mass dimension. This is comparable to the case of the top
quark in the SM, allowing for an easy understanding of the dependencies of the oblique
parameters as described before.
Without additional Dirac mass terms, some of the neutralinos and charginos would have
masses comparable to electroweak gauge boson masses, which is clearly contradicted
by experimental studies [98]. Hence it is necessary to introduce Dirac mass terms as
in the first two examples. Similarly to the case of the top squarks in eq. (5.28), Dirac
mass parameters enter the denominator of the expressions for the electroweak precision
observables, and are balanced by a vev times Yukawa-like coupling in the same power
for a dimensionless quantity. As the T parameter contains the parameter in the fourth
power and is only suppressed quadratically by the SUSY masses it gives the dominant
contribution to the W boson mass given by eq. (5.24). This is exemplified in fig. 5.2. Here,
the S, T and U parameters from the charginos and neutralinos of equations (5.31) are
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Figure 5.2. The panels show the comparison of the electroweak precision observables
depending on Λu, calculated using the approximations given by eqs. (5.31) for
the chargino and neutralino contributions. All other parameters are chosen as
for benchmark point 3 (left, normal ordered scenario) or 5 (right, light singlet
scenario). The plot for BMP5 does not extend beyond 1.5 as tachyonic states
appear in this range.
plotted depending on Λu while all other parameters are set to the values of BMP3 (left plot)
and BMP5 (right plot). For both benchmark points and the whole Λu range, the T parameter
is the dominant one. Only if gauge couplings become relevant for vanishing Λu, is the
S parameter comparable in size. But this region is disfavored by the Higgs boson mass
which requires a magnitude of Λu close to one. The experimental values of the oblique
parameters are given in ref. [98]:
S = −0.03± 0.10 , T = 0.01± 0.12 , U = 0.05± 0.10 . (5.36)
Taking the 1σ uncertainty region for T this means that |Λu| > 1.5 is disfavored by elec-
troweak precision observables for fig. 5.2 when the approximations discussed before are
used. To achieve a more complete comparison to experiment, eq. (5.24) shows that the W
boson pole mass can be used as observable to also put constraints on the electroweak
precision parameters, in the case of the MRSSM especially on T .
5.3. SUMMARY
In this chapter, the effects of the extended field content and new coupling structure of the
MRSSM have been investigated in context of electroweak precision observables and the
W boson mass prediction of the model. The interplay of the oblique parameters S, T and
U with the W boson mass is summarized in the following.
In all scenarios considered within this thesis, the Dirac masses are smaller than the soft
SUSY breaking masses. Therefore, it is to be expected that the fermionic contributions
shown in fig. 5.2 are the dominating ones to the W boson mass given by the approximation
formula (5.24). Figure 5.3 shows the W boson mass in black calculated with all contributions
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Figure 5.3. The plots show the comparison of the mass of the W boson depending on Λu,
calculated using full MRSSM contributions and different approximations for the
electroweak precision parameters: neutralino and chargino sector, eqs. (5.31)
and (5.32), Higgs sector, eqs. (5.29), and R-Higgs sector, eqs. (5.30), as well
as the stop contributions of eqs. (5.28), and the tree-level contribution from
the triplet vev. All other parameters are chosen as for benchmark point 3 (left,
normal ordered scenario) or 5 (right, light singlet scenario).
from eq. (5.13). Furthermore, lines are shown using the approximation formula (5.24) and
the different approximations for the S, T and U parameters as described in the caption. The
reference value for the W boson mass in the approximation (5.24) is its SM prediction (5.2).
The parameter Λu is varied and all other parameters are set to either the values of BMP3 or
BMP5. The dotted line only takes into account the tree-level contribution from vT to the
W boson mass in eq. (2.59). Clearly, it does not describe the full result (full line) well and
higher-order SUSY corrections need to be taken into account. The additional contributions
from the sfermions, Higgs and R-Higgs bosons (the dotted-dashed line) do not change the
dependency on Λu significantly. Only if the contributions from the fermionic sector are also
added, as given by the dashed line, the full result is matched rather closely and the shape
can be reproduced. This validates the previously made statement that the contributions
from the charginos and neutralinos, shown in fig. 5.2, and especially the T parameter, are
the most significant. The difference of the approximate to the full result arises mainly
from the vertex and box corrections to the muon decay not captured by the electroweak
precision observables.
As in case of the T parameter (see fig. 5.2), so is the prediction for mW 1σ and more
away from its experimentally measured central value if Λu < −1.5 for the other parameters
chosen as for the benchmark points. The region of negative Λ is also favored by the
prediction for the SM-like Higgs boson mass as was found in chapter 4. As the magnitude
Λ also needs to be close to unity, the combination of both mass observables, mH1 and mW
provides rather stringent bounds on the parameter space. In chapter 8 these bounds are
studied further including the dependency on other parameter of the model like the Dirac
masses.
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Dark matter (DM) describes the matter in our universe that does interact gravitationally but
is transparent to electromagnetic radiation. Experimental evidence points towards dark
matter being the majority of the matter content in the universe [11]. It is not possible to
explain the abundance of dark matter in the context of the SM. Therefore, dark matter
provides strong experimental evidence to extend the SM even as DM has not yet been
detected directly. Information on the fundamental introduction to DM is taken from refs. [98,
215]. For more details see the book [216] and the references therein.
In the first section of this chapter the fundamentals of dark matter in the MRSSM are
described. Then, the investigation on how the correct dark matter relic density is achievable
in the MRSSM is presented. In the second part the limits from direct DM searches are
applied to the MRSSM and the relevant model parameters are identified. Some results of
this chapter are also published in ref. [146].
6.1. THE MRSSM AND DARK MATTER
Supersymmetric models have an extended field content and can naturally provide can-
didates for dark matter. Besides the richer particle spectrum an additional symmetry is
required so that not all SUSY particles decay into the lighter SM states. With such a
symmetry a lightest stable supersymmetric particle (LSP) exists that can not decay and
provides a perfect DM candidate. This particle falls into the category of a weakly interacting
massive particle (WIMP). WIMPs are a class of DM candidates, which interact only by
gravitational and weak forces with a mass between one and several hundred GeV. WIMP
production in the universe leads to the correct relic density and may provide signals in
current and the next generation of experiments.
The additional symmetry for the MSSM is usually taken to be R-parity, discussed in
section 2.4.1. Then, candidates for DM are the lightest neutralino χ01 or sneutrino ν̃1,
where the sneutrino as candidate is actually disfavored by WIMP searches due to its
sizable coupling to the Z boson. This would lead either to a small relic abundance as the
annihilation is too efficient or a large scattering cross section excluded by direct detection
experiments [217]. Furthermore, if it is light enough, the gravitino, superpartner to the
graviton, could take the role of the LSP. Many studies for DM scenarios have been done in
the MSSM and references to them can be found in the corresponding section of ref. [216].
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No additional symmetry has to be added in the MRSSM as R-symmetry automatically
gives rise to an LSP. In the following, the possible scenarios and mass hierarchies of the
MRSSM leading to different dark matter candidates are discussed.
6.1.1. DARK MATTER SCENARIOS OF THE MRSSM
There are several possibilities for DM candidates in the MRSSM as fields of different
R-charges are present. The R-Higgs bosons with an R-charge of two and all other MSSM-like
SUSY fields with an R-charge of one have to be treated separately and, depending on the
mass hierarchy, different scenarios arise.
LSP given by SUSY field with R-charge one and mR01 > 2mLSP: This is the MSSM-like
scenario as the list of candidates for dark matter with an R-charge of one is similar
to the one of the MSSM. The lightest neutralino or lightest sneutrino could provide
the correct relic density in the MRSSM and evade detection by direct detection
experiments. Additionally, the lightest R-Higgs boson is massive enough to decay into
a pair of LSPs, or possibly into other SUSY fields if kinematically allowed. Therefore,
there is exactly one DM state in the model, either a neutralino or sneutrino. It has to
be noted that compared to the MSSM the neutralino as LSP is a Dirac DM candidate
instead of a Majorana one. This has consequences e.g. for the annihilation to light
fermions as opposed to the MSSM there is no helicity suppression of the s-wave in
the MRSSM. Therefore the sfermion exchange becomes a very effective channel.
LSP given by SUSY field with R-charge one and mR01 < 2mLSP: If the mass of lightest
neutral R-Higgs boson is below the threshold for two-body decay into a pair of LSP
it is also stable as there is no channel through which it can decay into SM fields
alone. Hence, the dark matter sector in this scenario has two components, a lighter
MSSM-like LSP and an heavier but stable neutral R-Higgs boson.
R-Higgs boson is lightest SUSY state: This is similar to the scenario before but the hier-
archy between the two dark matter fields is inverted. The MSSM-like DM field can
not decay into an R-Higgs boson and SM fields as R-symmetry forbids this. Therefore,
in this scenario the R-Higgs boson is the LSP and the MSSM-like state is an additional
heavier stable DM state.
For the light singlet scenario in section 4.4, a constraint on the bino Dirac mass parameter
MDB < 60 GeV was given by eq. (4.11). This leads to the lightest neutralino χ
0
1 as the LSP
in this scenario. The assumption of χ01 being bino-singlino-like and the DM candidate is
also extended beyond the light singlet case within this work. As can be determined from
the R-Higgs masses in section C.3, this excludes a lighter R-Higgs boson as the higgsino
mass parameter µd and µu parameter appear in the expression for the masses. Moreover,




assumption that all soft breaking scalar masses are of a similar mass scale, close to one
TeV, then puts the masses of R-Higgs bosons much higher than twice the LSP mass of
around a few hundred GeV. Some parameter regions with a lighter R-Higgs boson might be
still possible due to cancellations but those seem fine-tuned. Thus, the focus in this work is
on the first scenario discussed above, assuming that the LSP is the lightest neutralino χ01.
The scenario of a Dirac neutralino as dark matter candidate in the context of R-symmetric
models has been already studied in refs. [57, 58, 218]. For the MRSSM, the study has been
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done by Buckley, Hooper, Kumar in ref. [219], BHK. Using the approximation of four-fermion
effective couplings they showed the promising scenario of a light Dirac neutralino state to
achieve the correct relic abundance, albeit requiring high masses for squarks and higgsinos
forced by direct search limits. In the following sections, the mechanisms needed to achieve
the correct dark matter relic density are presented and the affected model parameters are
discussed. Additionally, recent direct detection limits are used to identify further interesting
regions of parameter space. As an extension of BHK this is not done by the application
of effective couplings, but rather a diagrammatic calculation at tree-level is conducted.
This approach takes into account the interference of the different processes for the direct
detection experiments, which were neglected by BHK, and leads to an extended parameter
space still allowed by these searches.
6.1.2. IMPLEMENTATION
The calculation of the dark matter relic abundance and matrix elements for the direct
detection limits is done using the tool MicrOMEGAs-4.1.8 [220–224]. To carry out the
calculations in the MRSSM, a CalcHEP [225, 226] model file is generated with SARAH,
which in turn can be read by MicrOMEGAs. The program includes all other necessary
components for the calculation of dark matter observables. For each parameter point in the
MRSSM all necessary quantities are conveyed to MicrOMEGAs using a SLHA spectrum file.
The prediction of the relic density for a parameter point can then be directly compared to
the experimental measurement. For the case of direct detection the matrix elements are
passed to LUXcalc-1.0.1 [227], which calculates the number of signal events and uses it
with the number of expected background events and measured signal events to derive a
likelihood. This is used to determine if a parameter point is excluded as discussed also in
section 3.3.
6.2. DARK MATTER RELIC DENSITY
In the early universe the temperature was large enough for the DM particles to be in
thermal equilibrium. The abundance of dark matter is created when, with the cooling and
the expansion of the universe, their number density is too diluted for frequent interactions.
Moreover, the kinetic energy of lighter SM particles is not high enough to produce the
heavier dark matter states. Therefore, the DM freezes out and the number density (nχ) per
comoving volume becomes constant, with χ denoting a generic WIMP. The value of dark
matter relic density in our universe is extracted very precisely from studies of the cosmic
microwave background (CMB). The value given by the Planck experiment [98, 228] is
ΩDMh2 = 0.1186± 0.0020 , (6.1)
where h is the Hubble constant in units of 100 km/(s·Mpc). The baryonic density is given as
Ωbh2 = 0.02226± 0.00023 , (6.2)
which leads to the conclusion that not the known baryonic matter but the unknown dark
matter is responsible for 84% of the mass content in the observable universe. The correct
prediction of ΩDMh2 is, therefore, an important test of any complete BSM model. The
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model should not predict an abundance larger than the measurement, a lower value could
be allowed if additional sources of dark matter exist.
The determination of ΩDMh2 by MicrOMEGAs relies on the well-known basics of the
standard model of cosmology, thermodynamics in the early universe and the integration of
the Boltzmann equation. Details on the relevant quantities and calculations can be found in
refs. [215, 216].
The Boltzmann equation in the most commonly used form is given as
dnχ
dt
+ 3Hnχ = −〈σannv〉(n2χ − n2χ,eq) , (6.3)
where nχ is the WIMP number density as before, t the time, H the Hubble constant, and
nχ,eq and 〈σannv〉 the WIMP equilibrium number density and thermal averaged annihilation
cross section, respectively. The second term on the left side takes into account the expan-
sion of the universe, while the terms on the right side contain the effects of annihilations
and production.
The model-specific part is the calculation of the cross section that enters the thermal









m4χT [K2(mχ/ T )]2
. (6.4)
Here, σ is the annihilation cross section, s the usual Mandelstam variable, T the tem-
perature, which is used as independent variable instead of the time in the Boltzmann
equation (6.3). K1 and K2 are modified Bessel functions.
Besides the annihilation to WIMPs, the process of coannihilation [229–231] can also
become important. For this, additional states with masses close to the WIMP mass have
to exist, as it is possible in a SUSY model. Then, scattering of the WIMP with particles in
the thermal plasma can lead to the production of these slightly heavier states. Alternatively,
the DM candidate may annihilate with the heavier state. A standard example in the MSSM
is the coannihilation of a neutralino LSP χ01 with a chargino χ
± through the following
processes:
χ01τ








1 →W +W − . (6.5)
These processes lead to an additional reduction of the relic density of χ01. Further details
on coannihilation scenarios can be found in refs. [216, 232, 233]. For the MRSSM, similar
coannihilation contributions might arise. Modifications like the Dirac nature of the neutralino
and the extended chargino sector have to be taken into account as well as R-charge
conservation when going from this exemplary description to the application for the MRSSM.
6.2.1. PROCESSES IN THE MRSSM
As was stated in the introduction of this chapter, the MRSSM candidate for dark matter
considered in this work is the lightest neutralino χ01 and, motivated by the light singlet
scenario, it is assumed to be bino-singlino-like. BHK studied this DM candidate with
simplified model assumptions like the N = 2 SUSY limit. They identified the annihilation to
a lepton pair through the exchange of sleptons as the most promising channel to achieve
the correct relic density. For this MRSSM scenario they show that the mass of the LSP can
be in the range of 10 to 380 GeV taking into account the experimental lower limits on the
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Initial state Final state
χ0χ̄0 `+`−, ν`ν̄`
˜̀ ˜̀* γγ, γZ
ν̃`ν̃*` W
+W −, ZZ
χ0 ˜̀* γ`+, Z`+
χ0ν̃* W +`−, Z ν̄`
Table 6.1. Initial and respective final states for the coannihilation of the bino-singlino with
the sleptons. For the last two rows the charge conjugate states are also taken
into account. ` ∈ {e,µ, τ }.










Figure 6.1. Depicted are Feynman diagrams relevant for the generation of the dark matter
relic density via annihilation through stau or Z boson.
In this work, the result of study by BHK is extended focusing first on the light singlet
scenario, where the LSP mass is restricted to below 60 GeV. The corresponding Feynman
diagram for the slepton exchange is given on the left of fig. 6.1. The exchange of a Z boson
is identified as another effective channel to achieve the right amount of dark matter in the
universe, if the LSP mass is around half of the Z boson mass. The second diagram in
fig. 6.1 shows the Feynman diagram of this process, where the Z boson is created on-shell
and decays with the branching factions known from the SM.
In a next step the constraint of mLSP < 60 GeV is dropped and the effect of charged
slepton exchange is studied for the complete relevant mass range to validate the 380 GeV
upper limit on the LSP mass presented by BHK.
As mentioned before, coannihilation is another process which can become important for
the DM relic density. This channel was not included by BHK. Relevant coannihilation effects
can be automatically captured by MicrOMEGAs, as described in chapter 16 of ref. [216],
and may then be investigated efficiently for the MRSSM. Therefore, it is of interest to
include them in this work. Two possible scenarios are identified. The first scenario is the
coannihilation of the LSP with a charged slepton with a similar mass. The possible initial
and final states for this case can be found in tab. 6.1.
The second scenario assumes that the second-lightest neutralino is wino-triplino-like and
close in mass to the LSP. Then, the coannihilation effects involve also the lightest charginos
which leads to a complex chain of processes, as has been sketched before for the MSSM
in eq. (6.5). As illustration for the MRSSM, the different contributions are given in tab. 6.2.
Coannihilation is very efficient in generating the correct DM relic abundance even for high
LSP masses, but is applicable only in a very narrow mass range for the next-to-lightest
SUSY state.
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Initial state Final state
χ0χ̄0 W +W −, `+`−, qq̄, H1Z
χ±χ∓ W +W −, ZZ , ν`ν̄`, `+`−, qq̄, q′q̄′, H1Z
ρ±ρ∓ W +W −, ZZ , ν`ν̄`, `+`−, qq̄, q′q̄′, H1Z , γγ
χ0χ− q′q̄, ZW −, H1W −, γW −, `−ν̄`
χ0ρ+ qq̄′, ZW +, H1W +, γW +, `+ν`
χ+ρ+ W +W +
Table 6.2. Initial and respective final states for the coannihilation of the bino-singlino with
the wino-triplino. For the last three rows the charge conjugate states are also
taken into account. q ∈ {u, c, t}, q′ ∈ {d, s, b}, ` ∈ {e,µ, τ }.
























































Figure 6.2. Shown is the dark matter relic density depending on the LSP and right-handed
stau mass. The left panel highlights the light singlet scenario, with all constant
parameters chosen as for BMP4. The normal ordered scenario is the basis for
the right panel, where all constant parameters are chosen as for BMP3.
6.2.2. RESULTS
The study of dark matter relic density in the context of the MRSSM is summarized in
figs. 6.2 to 6.4. The plots in figs. 6.2 and 6.3 show the dark matter relic density as function
of the LSP mass mχ01 and the right-handed stau mass mτ̃R for both the light singlet and the
normal ordered scenario. The scenario of coannihilation is studied in fig. 6.4, where the
relic density is shown in the parameter plane of the LSP mass mχ01 and the mass splitting
mχ±1 − mχ01 to the lightest chargino, which is assumed to be wino-triplino-like. The left
plot in fig. 6.2 shows the complete result for the light singlet scenario in the parameter
plane of the LSP and the right-handed stau mass. An upper limit on the bino-singlino mass
parameter and therefore the LSP mass of mχ01 < 60 GeV was derived in chapter 4. The
annihilation modes of slepton and Z boson exchange are of importance in this mass range.
The latter mode is relevant if the LSP mass is close to half the Z boson mass, for all other
masses the slepton mode is required for the correct relic density. If the lower mass limit
74
6.2. Dark matter relic density
































































Figure 6.3. Shown is the dark matter relic density depending on the LSP and right-handed
stau mass. All other slepton masses are set to the varied stau mass, the
remainder of the parameters are chosen as in BMP3. The left panel does not
contain coannihilation effects, the right panel does.
on the stau mass of 82 GeV [98] is taken into account it can be concluded that the LSP
mass needs to be above 20 GeV. Except for the Z mass window discussed before, there is
an upper limit on the stau mass in the light singlet scenario depending on the exact LSP
mass which does not exceed 150 GeV.
On the right panel of fig. 6.2 the extension of this beyond the light singlet scenario is
shown, where BMP3 is taken as basis for the other parameters. If staus are the only
sleptons contributing to the annihilation, there is an upper limit on the LSP mass of 180 GeV
before the influence on the dark matter relic density becomes to weak to achieve the
correct value. This also puts an upper bound on the stau mass of at most 200 GeV,
depending on the exact LSP mass.
In fig. 6.3 it is depicted how the relic density changes if all sleptons are of similar mass
and contribute to the annihilation. All sleptons are set to a common mass, which is varied
against the LSP mass. On the left panel, coannihilation of the LSP and sleptons is not
included and an upper limit on the LSP mass of 350 GeV for a similar upper limit on the
common slepton mass is reached. This is close to the LSP mass limit of 380 GeV given by
BHK. The difference arises as BHK used a simplified approach while MicrOMEGAs includes
more effects also with regards to dark matter modeling and solving of the Boltzmann
equation.
The right panel highlights that this limit does not hold if coannihilation effects are taken
into account. In the case of sleptons with masses close to the LSP mass the relic density is
actually enhanced by coannihilation effects. This seem like an unusual behavior as normally
coannihilation reduces the relic density, but it is not unknown to appear in the MSSM [230,
232]. Including coannihilation reduces the upper bound on the LSP mass to 300 GeV and
an upper limit of 330 GeV for the common slepton mass. This is a non-trivial extension of
the BHK result.
Even as slepton coannihilation diminishes the upper bound on the LSP mass, fig. 6.4
shows that coannihilation with a wino-triplino leads to a welcome reduction of the relic
75
6. Dark matter in the MRSSM




















Figure 6.4. Shown is the dark matter relic density depending on the LSP mass and the
mass splitting between the LSP and the lightest chargino. All other parameters
are chosen as for BMP2.
density to the experimentally allowed region, even for slepton masses in the TeV range.
The region where this is possible is limited by lower bounds on the chargino masses from
the LHC. It is beyond the scope of this work to investigate if there is an upper limit on the
LSP mass to achieve the correct relic density with this mechanism. Using the higgsino
states as coannihilation partners might also be possible. But as is shown below, direct
detection experiments put severe lower limits on the higgsino mass parameter and mixing
with the bino-singlino, hence this scenario is not pursued here.
6.3. DIRECT DETECTION LIMITS
The sensitivity of DM direct detection experiments to the LSP candidate of the MRSSM,
the Dirac-type bino-singlino, is investigated in this section. First, a short overview on the
experimental direct detection observation is given. Then, the relevant processes in the
MRSSM contributing to the spin-independent cross section are described.
6.3.1. INTRODUCTION
The details for direct DM searches are comprehensively given in chapter 17 of ref. [216]
and are summarized here shortly. If WIMPs are the dark matter of the universe, they are
gravitationally bounded in a DM halo around our galaxy. For the astrophysical observations
it is possible to derive the flux of WIMPs on Earth. It strongly depends on the local DM
density ρ0 at the position of the sun, traditionally taken to be ρ0 = 0.3GeV cm
−3 However,
the assumptions of the DM halo and the model of the Milky Way used can influence
this value. This can lead to a variation by a factor of the order of two in the density. The
velocity of DM particles in the halo is conventionally assumed to have a Gaussian velocity
distribution in the standard halo model. For the detection on Earth the velocity has to be
brought into the detector rest frame taking into account Earth’s movement in the Galactic
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Figure 6.5. Shown is an overview of the direct detection exclusion limits from different
collaborations. Taken from ref. [234].
rest frame. Due to the rotation of the Earth and the orbit around the sun this can lead to a
time and directional dependency of a possible DM signal.
The elastic scattering of WIMPs on nucleons is used for dark matter detection on Earth.
This could give a measurable rate for low background detectors even if the interaction is
mediated only by the weak force. Figure 6.5 gives an overview on current dark matter
direct detection limits. The result by the LUX collaboration* (green line) sets the most
stringent limit on the WIMP-nucleon cross section and also disfavors possible detection
claims by the DAMA and CDMS experiments, given by the red and orange filled areas,
respectively. Therefore, the result of the LUX experiment [235] is used in this thesis to
determine bounds on the dark matter properties from direct detection. It is consistent with
the background-only hypothesis and allows to set limit in the MRSSM parameter space.
LUX is a dark matter detection experiment using liquid xenon as scintillation and ion-
ization material. When a WIMP interacts in the detector ionization electrons and direct
scintillation photons are created. The photons are collected in photomultiplier tubes, while,
using an electric field, the electrons drift to a volume of gaseous xenon. There, a so-called
“proportional scintillation” signal is produced, delayed from the primary scintillation by the
electron drift time. This approach allows for spatial 3D resolution and signal to background
separation from the ratio of both scintillation rates. The experiment is situated under-
ground in the Sanford Underground Laboratory of the Homestake Mine to cut-down on
backgrounds induced by cosmogenic radiation. The liquid xenon tank is surrounded by
a water shield for further background suppression from external neutrons. The technical
details are also given in chapter 21 of ref. [216].
The input from particle physics to the event rate is given by the differential cross section
of the WIMPs with the nuclei dσW,Nd ER , where ER is the recoil energy. The scattering cross
section with the quarks and gluons in a nucleon is calculated in the usual quantum field
theoretical way. Using hadronic matrix elements this is then transformed to the scattering
*The most recent LUX (2016) result appeared while finalizing this thesis and the most recent limit on the
cross section is a factor of five lower than the 2013 result.
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cross section with nucleons. The WIMP-nucleus cross section gets contributions from
















The following description is focused on the spin-independent cross section as for the
MRSSM it is the most relevant one. For the calculation with MicrOMEGAs also the spin-de-
pendent part is taken into account.
The velocity of the WIMPs relative to the nucleons is non-relativistic, and this limit can
be also taken in eq. (6.6). Then, the cross section at zero momentum transfer σDM-N is












with the nucleon mass mN , the WIMP mass mχ and the reduced mass µN = mχmN / (mχ +
mN ). The nuclear form factor for the coherent scattering F2 contains the information on
the momentum transfer and is related to the nucleon density by Fourier transformation.
The spin-independent DM–nucleus cross section at zero momentum transfer is commonly





Zfp + (A − Z )fn
)2 , (6.8)
where A and Z are the atomic mass number and atomic number of the nucleon, respectively.
In general, these amplitudes contain the information on the contributions of quarks and
gluons to the proton and neutron. It was noted by BHK that the Dirac neutralino interacts
with the quarks predominantly through squark and Z boson exchange. They show that both
of these interactions can be brought into the form of a vector-vector interaction. As sea
quarks and gluons do not contribute to the vector current, the amplitudes fp and fn only
receive coherent contributions from the valence quarks [236]. Therefore, the vector-vector
scattering gives the dominate contributions to the direct detection cross section in the
MRSSM.
6.3.2. PROCESSES IN THE MRSSM
The expressions of the amplitudes for Z boson and squark exchange are described in the
following for the tree-level calculation. The relevant Feynman diagrams are given in fig. 6.6.



















Figure 6.6. Shown are the Feynman diagrams relevant for dark matter direct detection
experiments.
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Z BOSON CONTRIBUTIONS
The amplitudes for the Z-mediated diagram on the left of fig. 6.6 are
























where Zi ,3−4 = (N i13)
2 − (N i14)
2 is the difference of the mixing matrix elements squared for
the mixing of the bino with the down- and up-R-higgsino (singlino with the down- and
up-higgsino) where i = 1 (i = 2), which can be taken from eqs. (C.26) in the appendix.
As before, the notation is sW = sin θW , cW = cos θW . The mixing matrix elements Zi ,3−4
appear in the result as the Z boson couples only to the (R-)higgsino content of the LSP.†
Restricting the (R-)higgsino content of the LSP is required to reduce the magnitude of
the amplitudes and ensure agreement with current direct detection bounds. This leads
particularly to constraints on the higgsino mass parameters µu and µd . The direct mixing
between up-higgsino and bino is dominant and the relevant mixing matrix elements can be
approximated as






It clearly demonstrates the suppression by large µu.
SQUARK CONTRIBUTIONS
When the squark-mediated diagrams of fig. 6.6 for general masses of the four first-gen-




































































For the qualitative discussion the limit of very heavy squarks of equal mass mq̃ = md̃ ≈
mũ  mχ001 , mN is used and the amplitudes reduce to





















†The expressions for the direct detection Z boson exchange derived for equations (6.9) and (6.10) differ by a
factor 1/16 from the equivalent expressions derived by BHK.
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The minus sign is a product of the different Dirac structure of the s- and u- channels that
contribute to the process. To achieve agreement with the experimental bounds these
amplitudes need to be suppressed by large squark masses.‡
COMBINATION
To achieve a qualitative understanding of the result, the approximations for the squark ex-
change in the limit of heavy squark masses, (6.14) and (6.15), and the Z boson contributions,
(6.9) and (6.10), in the limit (6.11) can be added to simple expressions:


















where s2W = 1/ 4 has been taken in the proton case. Using these results for the dark








≈ 2.2µu , (6.17)
where the numerical value for xenon is calculated with Z = 54 and A = 131.3.
In the following, the full numerical calculation is used to specify this sufficient heavy
squark masses and higgsino mass parameter µd and µu and the consequences from
the destructive interference (6.17) for the direct detection bounds in the MRSSM are
presented.
6.3.3. RESULTS
For the numerical results, MicrOMEGAs is used to calculate the amplitudes for the spin-de-
pendent and independent amplitudes taking into account the full model information. These
are passed to LUXcalc, which derives a likelihood for the direct detection exclusion and
takes into account all astrophysical input as specified in the manual [227].
The results of the direct detection studies are summarized in fig. 6.7. It shows for two
different benchmark points (BMP6 and BMP3) with different LSP masses (30 and 250 GeV)
the direct detection exclusion bounds in the µu-msquark parameter plane. Furthermore, a
line is plotted where the total destructive interference of eq. (6.17) between the Z boson
and squark exchange is attained. The left panel exemplifies the normal ordered scenario
while the right plot shows the light singlet scenario.
In both plots a funnel shaped region along the line of complete total interference can not
excluded. For the light singlet scenario, given by the left panel of fig. 6.7, µu is strongly
correlated to the squark masses and, as the LHC puts significant bounds on squarks,§
µu is forced to be larger than 600 GeV by the dark matter constraints. Beyond the light
‡The relative sign between the left- and right-added contributions in equations (6.14) and (6.15) does not
appear in BHK.
§The corresponding analysis has not been completed for the case of the MRSSM, but the limits for the


















































Figure 6.7. Shown are the 90% and 95% C.L. direct detection exclusion contours (marked
by the corresponding p-value) in the µu-msquark parameter plane. The black
line marks the of approximate complete destructive interference between the
different processes (6.17) as described in the text. The left (right) plot exempli-
fies the normal ordered (light singlet) scenario as all unvaried parameters are
chosen as for BMP3 (BMP6).
singlet scenario, the allowed region opens as the cross section limit by direct detection
experiments is reduced for higher LSP masses as shown on the right of fig. 6.7. There is a
similar bound on µu but the correlation with the squark masses is reduced. The limit on
the squark masses is competitive with the LHC limit for µu > 800 GeV. The difference in
the quantitative bounds becomes clear when using the information from fig. 6.5. There it
is shown how the limit on the DM–nucleon cross section is weakened from the minimum
in the range of 20 to 60 GeV (BMP6) when going to higher WIMP masses (BMP3). This
shape originates from the reduction of the dark matter number density with higher masses
as the mass density is fixed by the DM halo model.
6.4. SUMMARY
The MRSSM has been confronted with the dark matter evidence and direct detection
dark matter limits in this chapter. The qualitative behavior was studied before by BHK
in a simplified approach and has been studied further here with the help of advanced
computational tools. As an extension to the result of BHK it has becomes clear that the
inclusion of more complete scenarios is required and more extensive conclusions can be
drawn.
For the relic density, the upper limit for LSP mass of 380 GeV of BHK could be roughly
reproduced, but only if the coannihilation via charged sleptons is not included. Moreover,
the feature of the annihilation via Z boson which loosens the constraint on the stau masses
for a small LSP mass window 42 GeV < mχ01 < 48 GeV. It has been shown that the
inclusion of coannihilation effects is important as coannihilation with sleptons actually
enhances the relic density. This leads to a reduction for the LSP mass upper bound to
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about 300 GeV. Instead, the coannihilation with almost mass-degenerated wino-triplino
states provides a mechanism give the right dark matter relic density with an LSP mass
beyond 380 GeV.
The direct detection rate of the Dirac-type LSP in the MRSSM is driven mainly by Z boson
and squark exchange. As the first channel couples through the higgsino components this
puts a bound on the higgsino mass parameter µu, which is relevant for tanβ  1. On
the other hand, the squark channel directly puts a limit on the masses of first-generation
squarks. This behavior is also given by BHK using an effective field theory approach
with tree-level couplings. For this thesis, the expressions were rederived finding some
difference in prefactors. Additionally, interference effects using the full model information
are included here, which was not done in BHK. These effects are crucial in a funnel shaped
region in the µu-msquark parameter space allowing µu and squark masses of moderate size.
The combination of both dark matter observables constrains the parameter space of the
MRSSM considerably as the bino-singlino is the most promising dark matter candidate in
the model. Direct searches limit µu to be above roughly 500 to 600 GeV and the squark
masses of the first generation to be higher than 1.3 TeV (see fig. 6.7). The dark matter relic
density limits the LSP mass to be below 300 GeV for annihilation via sleptons. Furthermore,
the slepton masses are bound to be below 100 to 280 GeV depending on the LSP mass,
see fig. 6.3. If only staus are relevant the annihilation, the LSP mass is limited to be at
most 180 GeV while the stau masses have an upper limit of roughly 200 GeV depending
on the LSP mass, see fig. 6.2.
Coannihilation with almost mass-degenerated wino-triplinos can improve the upper
bound on the LSP mass to at least 500 GeV as confirmed with fig. 6.4 and there is no
apparent problem with extending this limit to higher LSP masses, but verifying this fact
goes beyond the scope of this thesis. The main drawback of this scenario is that the
wino-triplino mass parameter is limited to be close to the bino-singlino mass parameter,
MDW ≈MDB . The limit on µu and the mixing of the bino-singlino with the higgsino does not
allow for a higgsino to be an efficient coannihilation candidate.
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LHC
To achieve a deeper understanding of the foundation of nature and find a description that
goes beyond the SM (BSM) it is necessary to probe energy scales above the electroweak
scale. The Large Hadron Collider (LHC) is the largest man-made experimental apparatus
and allows for the first time to probe the multi-TeV mass range directly in a controlled
environment.
In chapters 4 and 5 the MRSSM was probed mainly by relying on measurements and
looking for deviations from SM observables, like the Higgs and W boson masses as well
as electroweak and Z boson peak precision observables. This is an indirect way to look
for BSM physics which is sensitive only to a certain combination of masses and coupling
parameters and not easy to identify which sector leads to a certain effect. Direct searches
for unknown particles provide a straightforward way to access BSM physics or at least
allow to set limits on the respective masses and the mass scale of the model.
Currently, the LHC is the best place to look for BSM physics. It is a proton collider
ring with four major detectors: ATLAS (A Toroidal LHC ApparatuS), CMS (Compact-Muon-
Solenoid), ALICE (A Large Ion Collider Experiment) and LHCb (Large Hadron Collider beauty).
The LHC and its experiments are situated at CERN, the European organization for nuclear
research.
In this chapter, results from the ATLAS experiment are interpreted in the context of
the MRSSM. First, a short introduction of the LHC and possible SUSY signatures is given.
Secondly, the phenomenology of the MRSSM at the LHC is discussed. Then, results from
ATLAS regarding searches for new heavy electroweak states are interpreted in context of
the MRSSM. The results of this chapter were first presented in ref. [146].
7.1. SUSY PHENOMENOLOGY AT A PARTICLE COLLIDER
Results from the LHC have already been used in chapter 4 to constrain the parameter
space from Higgs signal strength measurements and via direct searches for additional
states. In the following, the production of new SUSY states in proton proton collisions is
discussed. First, the experimental apparatus is introduced and possible supersymmetric
signatures described. The description is based on ref. [238].
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7.1.1. THE LHC AND EXPERIMENT DESCRIPTION
The LHC is a proton storage ring and, as a hadron collider, planned as a discovery machine
for new physics. It has a design center-of-mass energy of 14 TeV and luminosity of
1034 cm−2 s−1 which may be reached in the coming years with the on-going Run 2 and
beyond. For this work, results from Run 1 from 2010 to 2012 are used. In that time, at first
an integrated luminosity of 4.6 fb−1 were collected at a center-of-mass energy of 7 TeV and
in the last year 20.3 fb−1 integrated luminosity was achieved at 8 TeV.
In this chapter all experimental results are taken from the ATLAS collaboration. The struc-
ture of a multi-purpose experiment like the ATLAS detector is described comprehensively
in the following.
Tracking detector The part of the detector closest to the interaction region is the tracking
system. Using a magnetic field the tracks of charged particles are bent allowing for a
momentum measurement of charged particles.
Calorimeter The next layers are the electromagnetic and hadronic calorimeters. Their
purpose is to measure energy and direction of electrons, photons and hadrons. This
is achieved by inducing electromagnetic and hadronic showers in the calorimeters
originating from these particles. The energy deposition from the showers in the
calorimeters allows to measure the energy and direction of flight of the initial particle.
Muon systems The muon system is an additional layer of tracking detector. It is situated
at the outer zones of the experiment and immersed in a magnetic field to allow for
momentum measurement. Muons, as minimally ionizing particles, are not captured
in the calorimeters and transverse the detector. The additional tracking on the outside
of the calorimeters allows for a higher momentum resolution of the muons.
Particle identification and triggering Combining the tracking and calorimeter data allows
for the identification of final state particles and physics objects like charged leptons
and jets and obtaining information about them like their momentum and charge. This
data is recorded for every event and due to the high bunch-crossing rate is far to large
to be stored permanently. A filter is needed so that only the information of interesting
events is kept. This is achieved by several layers of trigger systems which only select
events with interesting physic. The triggers reduce the event rate from 400 kHz to
≈ 200 Hz for writing to permanent storage for further study.
More details on the detector and experiment can be found e.g. in chapter 3 of ref. [238]
and the technical design report of the ATLAS experiment [239, 240].
With the data containing the physics objects available in storage the collaborations can
study them in detail. Searches for BSM physics at collider experiments are usually done
using a cut-based strategy. Properties which can separate BSM signals from the SM
background are identified for this approach. Cuts on the relevant physics objects like the
transverse momentum pT or angular variables as well as composite quantities are then
used to remove events that are not signal-like. Monte-Carlo studies, and for the background
also data-driven methods, are employed to estimate the expected number of signal and
background events, respectively. With these numbers exclusion limits can be calculated as
outlined in section 3.3.
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7.1.2. EXPERIMENTAL SUSY SEARCHES
Supersymmetry can appear in manifold ways at the LHC. One of the factors deciding the
relevant event topology is if a lightest stable SUSY particle (LSP) is present in the model or
not. In this section a short review of SUSY searches for models with an LSP is given, as
R-symmetry leads to such a lightest stable SUSY state. As motivated by the dark matter
studies in chapter 6, it is assumed in this thesis that the LSP is the lightest neutralino χ01,
which is mainly bino-singlino-like.
Events with supersymmetric particles at the LHC are the pair production of high mass
SUSY states. The R-charge of all SM particles is zero. Hence, the initial state quarks and
gluons have no R-charge and the produced SUSY states then have opposite R-charges.
They subsequently decay into SM particles and a pair of LSPs. The LSP does not decay
further and only interacts weakly, therefore it escapes the experiment undetected except
for the measurement of missing transverse energy EmissT comparable to the neutrino in the
SM. Neutrinos interact only via the weak force and hence escape the detector undetected.
The presence of a neutrino is indicated by EmissT , which is the negative of the sum over
all the momenta of particle in the event projected onto the transverse plane. Due to
momentum conservation in this plane, this quantity may be matched to the momentum of
the neutrino or the sum of momenta if several neutrinos are expected in the event.
All search strategies which are relevant and commented on within this work have a
requirement of a large EmissT in signal events in common. In following, the production and
detection of strongly and electroweakly interacting SUSY particles at the LHC is discussed.
STRONG SECTOR
At an hadron collider, strongly interacting particles are produced predominantly. Hence,
squarks and gluinos should appear in large abundance, if their masses are in an accessible
range. As the LSP is a colorless state the decay chains of squarks and gluinos comprise
several quarks and gluons. These hadronize and leave signatures as jets in the hadron
calorimeter. The most straight-forward way to find SUSY at the LHC is therefore to look for
events with jets and EmissT . Having the largest signal rate, this signature is also plagued by
the largest background as jets can be produced in many ways at a proton-proton collider.
The EmissT may stem from the irreducible background of a Z boson decaying to neutrinos.
Reducible background can come from W boson decays with not-identified leptons or via
hadronic tau decay, also the jet energy may be miss-measured and lead to an imbalance in
the transverse plane.
To reduce the especially large pure QCD background additional leptons, which in the
context of the LHC usually means electrons and muons as they are easier to identify than
taus, can be required in the final state. They are produced from the decay of W or Z
bosons if intermediate charginos or neutralinos appear in the decay chains. In analyses for
SUSY-QCD events usually up to two leptons are required. Especially for the case of two
leptons with the same charge assignment the SM background is reduced. See refs. [237,
241–243] for examples of ATLAS analyses. The production of the scalar octet state, the
sgluon, is a special case as it has an R-charge of zero and is discussed below.
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ELECTROWEAK SECTOR
The production of the non-strongly interacting SUSY states is only possible by the quark-quark
initial state. Therefore, the cross section to produce them is suppressed compared to the
squark and gluino production. Hence, electroweak SUSY processes become important if
the mass range of the SUSY-QCD sector is out of experimental reach. Then, the production
of sleptons, charginos and neutralinos and their subsequent decays need to be investigated.
The gaugino content of charginos and neutralinos can couple directly to the quarks of the
initial protons while the higgsinos would interact with a negligible Yukawa coupling and are
produced only via Drell–Yan processes. Charginos and neutralinos decay in manifold ways
to the LSP. These decay chains contain Z, W or Higgs bosons, depending on the nature of
charginos and neutralinos as gauginos or higgsinos. They might also include intermediate
sleptons if these are light enough.
Additionally, sleptons may be produced directly in the s-channel by intermediate SM
gauge bosons but decay into final states containing leptons and the LSP escaping the
detector leading to signatures of EmissT . Light staus are especially motivated from dark
matter studies, see e.g. chapter 6, as they help to achieve the correct dark matter relic
density, both in the MRSSM and the MSSM. With this information final states with a large
multiplicity of tau leptons are expected if a realization of supersymmetry is accessible at
the LHC. Background events to the production of electroweak SUSY states with a signature
of several leptons can be produced by diboson (ZZ, WW or ZW) events, W or Z boson
associated with jets, as well as the top pair production with leptons from secondary decays
from the hadronized final states. See refs. [244] for a summary of ATLAS analyses.
SIMPLIFIED MODELS
The parameter space of a supersymmetric model relevant for searches at the LHC is
multidimensional and it is non-trivial to put general mass limits on the production of certain
SUSY states. Hence, it is a common procedure by the experiments to interpret their results
in full models with limiting constraints applied. For example, the Constrained MSSM
(CMSSM) has only five input parameters. The problem with such model-dependent studies
is that due to the constraints they put also very strong indirect limits on all the other sectors
even if direct search limits are almost an order of magnitude weaker. Because of this
the use of so-called simplified model studies [245] has become common. These studies
consider the parameters which can be directly inferred from experiment. For illustration,
the production of charginos and neutralinos in ref. [246] is studied in the simplified model
scenario where only the lightest chargino χ±1 is produced and decays via a W boson to
the LSP: χ±1 →W
±χ01. This allows to set clear limits on the masses of the involved states
and has been done for many different combinations of channels by the experiments, see
refs. [237, 244].
The challenge for a phenomenological study then is to connect the results from the simpli-
fied model studies to actual realistic models like the MRSSM. This is not straightforward as
a SUSY state does normally not decay with a branching ratio of one into a certain final state.
The prime example is the decay of a neutralino into either a Z or an Higgs boson and the





have been interpreted as simplified model studies with degenerate masses for χ±1 and
χ02. For the first topology an upper limit of roughly 350 GeV can be set on this common
SUSY mass, while in the case of the second topology only a limit of roughly 150 GeV is
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expected. This is due to the very different decays of the SM bosons and the abundance of
produced leptons which are most relevant for the searches. A neutralino might not decay
predominantly in one or the other SM boson but with varying branching ratios depending
on the parameter point of the model leading to a strongly varying upper limit on the mass
of the state. For a realistic model it is therefore necessary to combine these two results
in a meaningful way. This complexity shows that it is not possible to derive universal
model-independent limits on the masses of new physics states from collider searches. An
interpretation in a certain model is always needed to connect the experimental result to
theory.
7.2. THE MRSSM AT THE LHC
After the previous general remarks on supersymmetry at the LHC an overview of the
specific collider signatures of the MRSSM is given in this section. In the second part it is
discussed how the experimental results published by experiments can be applied to the
parameter space of the MRSSM.
7.2.1. MRSSM SIGNATURES
MRSSM states relevant for LHC searches are as in the MSSM the strongly interacting
squarks and gluinos and the electroweakly interacting charginos, neutralinos and sleptons.
Additionally, the R-Higgs bosons as well as the CP-even, CP-odd scalar color octets and
Higgs bosons with no R-charge may be accessible by the LHC.
STRONG SECTOR
It is known from the MSSM that for processes with strongly interacting squark and gluinos
large uncertainties are present at tree-level and corrections from higher-order effects need
to be considered [248, 249]. For the MRSSM similar corrections are to be expected, but
differences of the models have to be taken into account like the Dirac fermion nature of the
gluino in the MRSSM compared to the Majorana nature in the MSSM. Another difference
stems from R-symmetry compared to R-parity. For the production of two squarks ( or two
anti-squarks) all of the three combinations q̃Lq̃L, q̃Rq̃R, q̃Lq̃R are possible final states in the
MSSM. In the MRSSM, only the last combination is allowed to be produced as the final
state has a total R-charge of zero, while it is non-zero in the other two cases. Additionally,
the color octets contribute at the quantum level to the processes and the running of the
strong coupling constant αS. These differences lead to an absolute shift in the total cross
section when comparing both models. Also, the contributions from different channels can
vary relative to each other. Because the calculation needs to be done at next-to-leading
order in αS it goes beyond the scope of this thesis. and results will be presented in a
forthcoming publication [250].
The scalar color octets might also be the kinematic reach of the LHC. As they have an
R-charge of zero, they decay fully in SM particles and the search strategies discussed above
do not apply as no relevant EmissT contributions are generated. The case of color octets at
the LHC is considered independent of the MRSSM in refs. [55, 251–254]. In the case of
the MRSSM, the scenario has been studied in refs. [56, 205, 255, 256], and limits from the
latest LHC runs and predictions for the future runs have been derived.
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ELECTROWEAK SECTOR
The production of the R-Higgs bosons was considered in ref. [61]. R-Higgs bosons may
only be produced in pairs via a Drell–Yan process as they have an R-charge of two. If
they decay further the final state contains four LSP, leading to large EmissT in the events.
Furthermore, when the staus are considered to be light as required for dark matter limits
shown in chapter 6, a high lepton multiplicity can be expected in the final state of R-Higgs
production.
The Higgs sector of the MRSSM has been studied in the context of LHC physics in
chapter 4 mainly with regards to the SM-like Higgs boson and the possibility of a lighter
singlet-like state. It is of course a viable possibility that also other heavier Higgs bosons of
the MRSSM are accessible by the LHC. This includes MSSM-like CP-even and CP-odd as
well as two charged Higgs bosons. Furthermore, if not lighter than the SM-like Higgs boson,
a singlet-like scalar and pseudo-scalar as well as a CP-even, a CP-odd and four triplet-like
charged Higgs bosons may be in LHC reach. The Higgs sector of the MRSSM is more
diverse than the one of the MSSM. It can be expected that if there is a discovery, it will not
be a single state but several appearing in many different channels. This would provide a
vast testing ground for predictions from the MRSSM.* A discovery of more MRSSM Higgs
bosons in the high mass region with a higher statistics is not ruled out.
The production of electroweakly interacting charginos and neutralinos with Dirac mass
terms and sleptons in an R-symmetric theory were discussed in ref. [62] in the context
of linear colliders like the International Linear Collider (ILC). Prospects for the LHC were
not considered there. This is done in detail in section 7.3 using ATLAS results from Run 1,
where energies of 7 and 8 TeV were reached. The implementation of how the experimental
results were interpreted and limits in the MRSSM parameter space derived is given in the
following.
7.2.2. IMPLEMENTATION
In recent years different computational tools emerged, which aim to automatize the study
of BSM physics at the LHC in a generic way using standardized interfaces. Two promising
approaches have evolved that rely on different output from the experimental collaborations.
• The first way uses the efficiency tables publish for different analyses by the ex-
periments [261]. These tools combine the results of simplified model studies in a
consistent and weighted way to set limits on the parameter space of new physics
models which allows a straightforward and computationally fast recasting of exper-
imental results. This approach suffers from the drawback that it is not fully model
independent, as for the calculation of the efficiencies knowledge of a specific model
of new physics has to be included. Examples for such tools are SModelS [262] and
FASTlim [263], which are so far only available for the MSSM. It would take a detailed
study to apply them to other models like the MRSSM.
• Approaches to exclude assumptions of the BSM model in the implementation go one
step back. The tools rely on the model-independent information: Either the expected
*There were candidates for a possible observation at the LHC in the previous years which proved as statistical
fluctuations. At the end of Run 1, there was an excess at 2 TeV for hadronically decaying diboson states [257,
258] which does not appear in the Run 2 data. After the first year of Run 2 a possible resonance was seen
at 750 GeV in the diphoton spectrum [259, 260], which vanished in the next year.
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process χ0χ̄0 χ0χ− χ0ρ+ χ+χ̄0 ρ−χ̄0 χ+χ− ρ+ρ− ˜̀+R,i ˜̀
−
R,j
BMP4 496 619 3.9 1147 0.83 496 1.25 17.6
BMP5 4.77 5.58 10.0 15.6 1.99 7.93 2.88 1.48 × 10−3
BMP6 1.67 6.04 22.6 17.0 5.65 12.1 8.48 38.4
Table 7.1. Electroweak cross sections at a center-of-mass energy of
√
s = 8 TeV as
calculated by Herwig++ using the SARAH model input. All values given in fb. The
cross sections are calculated at leading order with uncertainties of the order of
ten percent determined from scale variation. The integration error is below one
percent.
limit on the signal cross section or the number of background events and observed
events in certain signal regions can be used and both are provided by experiments
in their studies. Then, it is necessary to derive an estimate for the number of
signal events including the experimental acceptance and efficiency for a grid of
parameter points. For this step a Monte-Carlo generator and a parametrized detector
simulation are usually employed. Combining all the numbers allows to set limits in
the explored parameter space. Examples for such programs are CheckMATE [264]
and MadAnalysis [265, 266].
The downside of this approach is that it requires more computing resources than
the first one. Also, the used detector simulations like Delphes [267, 268] are not
officially tuned by the experiments to match the detector setup but only aim for an
approximate fit. It still turns out that this is enough to reproduce exclusion bounds
set by the experiments in simplified models and therefore should suffice to set limits
in a so far untested model like the MRSSM.
For the study of electroweak MRSSM processes at the LHC the approach described in the
last point is used. It allows to take the model differences between the MRSSM and the
MSSM or the simplified models studied by the experiments into account and to directly
calculate bounds from the LHC in the MRSSM parameter space.
Using the UFO [269] output produced by SARAH with Herwig++-2.7 [270, 271] the produc-
tion of electroweak SUSY states at the LHC is simulated at leading order. The generated
events are used with CheckMATE-1.2.0 to compare with 8 TeV data. CheckMATE includes
ATLAS analyses, which can be sensitive to the final state of processes of interest, if several
leptons appear as decay products. Specifically, for the purpose of this study the analyses
implemented in CheckMATE for two [246, 272], three [247, 273] and four and more leptons
[274] in the final state are considered here. The final output of CheckMATE used to set
exclusion limits in the MRSSM parameter space is the value for CLS of most sensitive
signal region of the studied analyses for each parameter point.
To ensure correctness of the calculated limits several tests of the used tools were
done. For the calculation of the matrix element the event generator Herwig++-2.7 was
checked against MadGraph5 _ aMC@NLO [275], where the input of model files was also
generated with SARAH. Agreement was achieved up to the implementation differences of
the programs. This can be seen when comparing the numbers in tab. 7.1 and tab. 7.2.
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process χ0χ̄0 χ0χ− χ0ρ+ χ+χ̄0 ρ−χ̄0 χ+χ− ρ+ρ− ˜̀+R,i ˜̀
−
R,j
BMP4 495 623 3.72 1142 0.57 490 0.79 21.6
BMP5 4.70 5.65 9.06 15.6 2.07 7.73 2.94 1.46 × 10−3
BMP6 1.64 6.05 23.2 16.7 5.50 12.0 8.22 40.7
Table 7.2. Electroweak cross sections at a center-of-mass energy of
√
s = 8 TeV as
calculated by MadGraph using the SARAH model input. All values given in fb. The
cross sections are calculated at leading order with uncertainties of the order of
ten percent determined from scale variation. The integration error is below one
percent.
7.3. ELECTROWEAK LHC SEARCHES IN THE MRSSM
A SUSY mass spectrum accessible by Run 1 electroweak searches at the LHC requires
a rather low LSP mass around or below some hundred GeV. In the light singlet scenario
this requirement is fulfilled automatically via eq. (4.11). Therefore, only the light singlet
scenario is considered in this section.
With the setup discussed in section 7.2.2 the following production processes pp→ ˜̀+R ˜̀−R,
pp → χ0χ̄0, pp → χ0ρ−, ρ+χ̄0, pp → χ0χ+, χ−χ̄0 can be studied at the LHC. Fig. 7.1
illustrates the production of the electroweak SUSY states of interest from the interaction
of valence or sea quarks coming from the protons. In fig. 7.1 the Feynman diagrams for
the two- and three- body decays of the charginos, neutralinos and sleptons are shown.
As discussed before, they contribute with different branching fractions depending on the







χ̄, ρ̄, f̃ *
Figure 7.1. Illustration of the production of electroweak SUSY states at the LHC. The
incoming protons provide the necessary quark and anti-quark. These inter-
act electroweakly to produce a pair of charginos and neutralinos or a pair of
sleptons.
The corresponding production cross sections of the relevant benchmark points are given
in tab. 7.1. Processes with left-handed sleptons are neglected, assuming that the masses
are above the detection limit while right-handed sleptons might be accessible at the LHC
due to the conditions from the dark matter sector shown in chapter 6. The masses of the
relevant particles are given in Tab. 7.3.
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2 τ̃R µ̃R ẽR ˜̀L mH1
BMP4 49.8 132 617 691 131 625 614 713 128 802 802 808 100
BMP5 43.9 401 519 589 409 524 519 610 1000 1001 1001 1005 94
BMP6 29.7 427 562 579 422 562 433 587 106 353 353 508 95
Table 7.3. Masses of the non-SM particles in the BMPs relevant for the LHC studies
discussed here. All values given in GeV.
7.3.1. DISCRIMINATING THE MRSSM FROM THE MSSM
A first step in understanding the MRSSM in context of LHC physics is to gain an insight
how the MRSSM electroweak sector differs from the one of the MSSM. This is studied in
the following by first understanding the differences in the mass eigenstates of the MRSSM
and MSSM. In a second step an example scenario is compared between both models.
UNDERSTANDING THE DIFFERENT PHENOMENOLOGIES
Several differences are evident when comparing the chargino and neutralino sectors of the
MSSM and the MRSSM. In the MRSSM, the neutralinos are Dirac fermions composed
of eight Weyl spinors ξi = (B̃, W̃ 0, R̃0d , R̃
0
u) and ζi = (S̃, T̃
0, H̃0d , H̃
0
u ). Assuming that the
SUSY breaking mass parameters (MDB , M
D
W ,µd ,µu) are larger than the electroweak scale
MZ they contribute dominantly to the four mass eigenvalues, see eq. (C.26) for the mass
matrix. In contrast, in the MSSM the neutralinos are of Majorana type, and there is only
a single higgsino mass parameter µ, so that two neutralino masses are approximately
degenerate. The MRSSM contains four different charginos, composed of eight Weyl
spinors (T̃ −, H̃−d ), (W̃
+, R̃+d ), (W̃
−, R−u ), (T̃
+, H̃+u ), with masses determined by the wino and the
two higgsino mass parameters, see eqs. (C.28) and (C.31) of the Appendix. In comparison
there are only two states in the MSSM.
The naive expectation from having doubled the number of degrees of freedom of
neutralinos and charginos compared to the MSSM is an enhancement of the pair production
cross section by roughly a factor of four. This is not true as R-symmetry, unlike R-parity,
forbids several final states. So, due to R-charge conservation, only half of all final state
combinations are actually allowed as the initial state R-charge is zero. Moreover, the new
genuine MRSSM states (R̃d , R̃u, S̃, T̃ ) do not interact at tree level with fermions, sfermions
or gluons. Hence the situation is more complicated and needs to be analyzed separately
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for each channel.
Not only the production of charginos and neutralinos differs between MRSSM and
MSSM. The corresponding branching ratios are also distinct in both models as the mixing
behavior and coupling structure varies. As an example, in the MSSM the higgsino mass
parameter µ induces a maximal mixing between the up- and down-higgsino. Therefore,
both the combined states mix almost in the same way with the bino and wino. This gives
comparable decay rates into sleptons for both states, if kinematically available, as they
couple mainly to the wino and bino component. In contrast, for the MRSSM R-symmetry
forbids the µ parameter which induces mixing between the up- and down-(R-)higgsinos.
Instead, up- and down-(R-)higgsino states have mass parameters µu and µd and give
separately the main contribution to the corresponding mass eigenstates. Furthermore, in
the scenario of tanβ  1 a suppression of the mixing between down-(R-)higgsino with the
bino-singlino and wino-triplino states follows. Hence, for large tanβ the down-(R-)higgsino
has appreciable couplings only to staus due to the Yukawa coupling.
The MRSSM-unique λ and Λ parameters are also of relevance for the phenomenology
of charginos and neutralinos. They give additional couplings to the SM-like Higgs boson
observed at the LHC or to a light singlet H1, present in the light singlet scenario. Large Λ
are especially necessary to generate the quantum corrections needed for the correct mass
of the SM-like Higgs boson. This leads to an enhancement of the decay of the wino-triplino
to the SM-like Higgs boson and LSP by the Λ parameters.
In the light singlet scenario there is the additional case where the chargino/neutralino
decay to the SM-like Higgs boson is kinematically forbidden. Then, it might be still possible
that they decay into the light singlet, even if their respective coupling is suppressed by the
doublet-singlet mixing. For higher neutralino masses the branching ratio to the light singlet
is sub-dominant to the one to the SM-like Higgs boson.
Summarizing the previous comments, an overview of possible observed signatures of
sets of charginos and neutralinos (listed in the first column) is listed in table 7.3. It gives
the corresponding possible interpretations of signatures in the MSSM (second column)
and in the MRSSM (third column). The interpretations are very different, which allows to
differentiate between both models when several fermionic non-SM states are discovered
at the LHC.
A CASE STUDY: COMPARING THE MSSM AND MRSSM USING LHC DATA
In the last section some general understanding of the differences in the LHC signals
between the MSSM and MRSSM has been summarized. In the following both models
are compared for a specific case. The first scenario in tab. 7.3, when two new fermionic
particles are discovered at the LHC, shows that this can be accommodated by the MRSSM
and the MSSM. The branching ratios of the states help to disentangle the question of
the underlying model. The winos of the MSSM couple via gauge couplings and decay
democratically into all lepton flavors, while for the MRSSM higgsino fields the interactions
are driven by Yukawa couplings leading to final states with third generation SM particles.
For comparison, a scan in the relevant parameter space of the MSSM and MRSSM was
performed. Motivated by dark matter relic density of section 6.2 the staus are assumed to
be relatively light and the stau mass is varied in both models. The LSP, a bino-like state in
the MSSM and a bino-singlino state in the MRSSM, is assumed to be light with a mass
of 50 GeV. The lightest chargino and second-lightest neutralino is, as given in tab. 7.3, a
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experimental signature MSSM MRSSM
1 charged and
wino-like states
either up- or down-(R-)higgsino-like
states1 neutral of similar mass
2 charged and
- wino-triplino-like states
1 neutral of similar mass
1 charged and
higgsino-like states -
2 neutral of similar mass
2 charged and
-
either up- or down-(R-)higgsino-like
states2 neutral of similar mass
2 charged and
all states -
3 neutral of similar mass
3 charged and
-
wino-triplino-like and either up- or
down-(R-)higgsino-like states2 neutral of similar mass
4 charged and
- all states
3 neutral of similar mass
Table 7.4. Possible discovery scenarios at colliders of different sets of particles from the
neutralino-chargino sector and the corresponding dominant gauge eigenstates
for the MSSM and MRSSM. This is assuming the light singlet scenario in the
MRSSM, which leads to a light bino-singlino as LSP candidate.





















































Figure 7.3. Exclusion plots in the chargino-neutralino and stau mass plane for the first
scenario of tab. 7.4 in the MSSM (left) and in the MRSSM (right). The violet
(blue) region marks the 90% (95%) C.L. exclusion limits given by CheckMATE,
each denoted by 1 − C.L..
wino-like state in the MSSM and a down-(R)-higgsino in the MRSSM. Hence, for the MSSM
the wino mass parameter M2 is varied, while for the MRSSM it is the down-(R)-higgsino
mass parameter µd . Dark matter direct detection limits 6.3 disfavor low values for the
up-(R)-higgsino mass parameter µu.
Taking into account the experimental analyses as described in section 7.2.2, the results
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of the scans in the parameter space are shown in the panels of fig. 7.3. The exclusion
bounds are very different between the MSSM and the MRSSM cases. The produced
charginos in the MSSM are wino-like, hence they couple via the same gauge coupling to all
states. All possible decay channels (Higgs, W/Z, staus) contribute then with comparable
size to the total width.
None of the signal regions considered in the LHC analyses is designed to account for
a SUSY field decaying into several distinct final states but each is sensitive to a subset
of them, hence the derived limits are rather weak. This is especially striking if the decay
to the Higgs boson is dominant as channel in the region where mχ02 > mχ01 + mH . As
described before, it is hard to account for a Higgs boson as decay product of the SUSY
state. In the analyses considered here, charged leptons in the final states are required in
larger multiplicity than normally provided by a Higgs boson decay, which leads to a low
exclusion power. Of course, dedicated analyses taking Higgs bosons in the final state
into account exist [276, 277] but are not implemented in CheckMATE. Still, the sensitivity
to a Higgs boson as decay product is never as good as to a vector boson at a hadron
collider. Therefore, only two rather small regions are excluded: the region around the
chargino/neutralino mass of 150–300 GeV and stau mass below 150 GeV and the region
with a chargino/neutralino mass below, depending on the stau mass.
For the MRSSM the produced electroweak SUSY states are down-(R)-higgsino-like and,
due to the large Yukawa coupling and if kinematically accessible, the decay to stau is
preferred. Hence, signal regions relying on events with large multiplicity of taus are very
sensitive and yield a large exclusion power. So, the wedge region between the decay
threshold (mχ02 > mτ̃R + mχ01 ) to around mχ02 ≈ 450 GeV is excluded. However, to the left of
this region, direct decays to staus are not allowed and three-body decays are suppressed.
Additionally, the decay products become so soft that they do not pass the cuts imposed by
the analyses. Because of this, it is not possible to exclude that region with the Run 1 data
and analyses strategies.
7.3.2. SLEPTONS
In the MRSSM, the direct production of sleptons at the LHC is comparable to the case
of MSSM. Sleptons can only be produced in pairs via Drell–Yan processes. The main
difference between the MRSSM and the MSSM, the vanishing of the left-right mixing,
has no large impact on the LHC bounds as it is usually to be assumed small in the
MSSM. In both models, light sleptons decay directly to the corresponding leptons and
the bino(-singlino)-like neutralino LSP. In this scenario, the difference in Dirac or Majorana
nature of the LSP is of no consequence and, hence, the MSSM exclusion bounds for light
sleptons can be taken directly over to the MRSSM. When the production of sleptons is
considered, it is usually selectrons and smuons assumed that are meant as their decay
products can identified easily in the detector.
The ATLAS Collaboration derived the exclusion limits in the (m ˜̀L,R , mχ̃01 ) parameter space
from the analyses of the selectron and smuon pair-production processes, see figs. 8 (a)
and (b) of Ref. [246] shown in fig. 7.4.† In fig. 7.5 the plots for the case of the MRSSM
are depicted. it can be seen that the corresponding bounds are very similar between the
MSSM and MRSSM.
†Similar limits are also given by the CMS collaboration [277].
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Figure 7.4. Exclusion plots in the LSP and slepton mass plane for right-handed (left) and
left-handed (right) selectron and smuon. Taken from ATLAS ref. [246], fig. 8(a)
and 8(b).
In the normal ordered scenario, left-handed slepton masses below ≈ 300 GeV are
excluded. For the right-handed slepton masses the bound is somewhat weaker (around
250 GeV) due to a reduced production rate. Further, the region of small mass difference
between the sleptons and the LSP is not excluded as the final state particles become soft
and the analysis cuts are ineffective.
For the light singlet scenario in the MRSSM, where equation (4.11) implies an upper limit
of ≈ 55 GeV on the LSP mass, the information from the exclusion limits are as follows:
Left-handed slepton masses below ≈ 300 GeV are excluded. For the right-handed slepton
masses the bound is somewhat weaker (around 250 GeV) due to smaller production cross
section. Also, a small corner at a lower right-handed slepton mass ∼ 100 GeV with the LSP
masses in the range 40-55 GeV is still allowed. With the experimental reach of the Run 1
data the direct production of staus with the cross sections predicted by supersymmetry
can not be excluded, see Ref. [278].
7.3.3. CHARGINOS AND NEUTRALINOS
The comparison of the MRSSM with the MSSM and their impact on LHC physics in the
previous sections showed that for the case of direct slepton production no difference can be
found. A similar scenario of the MSSM and the MRSSM including charginos and neutralinos
was also investigated and noticeable phenomenological differences were revealed, which
allow a distinction between both models if SUSY is discovered at the LHC.
In the following, some other specific scenarios in the MRSSM are investigated, which
have no counterpart in the MSSM. As noted before, the benchmark points of the light
singlet scenario are the basis for this study. The bino-singlino is very light, mχ01 ∼ 50 GeV,
in which case the sensitivity of the LHC analyses is strongest. Besides this, the relevant
mass parameters are the Dirac wino-triplino mass MDW and the two higgsino masses µd,u.
Additionally, the exclusion limits depend on the slepton masses influencing strongly the
decay patterns.
Figure 7.6 shows parameter scans and exclusion limits for the case of large slepton
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Figure 7.5. Exclusion plots in the LSP and slepton mass plane for right-handed (left) and
left-handed (right) selectron and smuon. The violet (blue) region marks the
90% (95%) C.L. exclusion limits given by CheckMATE, each denoted by 1 − C.L..
All other unvaried parameters as for BMP2.
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Figure 7.6. Exclusion limits in the MRSSM for the chargino and neutralino production
assuming heavy sleptons as a function of the higgsino and wino-triplino masses
(left) and of the two higgsino masses (right). The violet (blue) region marks
the 90% (95%) C.L. exclusion limits given by CheckMATE, each denoted by
1 − C.L.. All parameters which are not varied in the plots are fixed to the values
of BMP5.
masses of around 500 GeV, on the left in the µd=µu − MDW plane, and on the right in
the µd − µu plane (with MDW = 500 GeV). In both cases, parameter regions with both
higgsinos heavier than around 350 GeV can not be excluded by Run 1 experimental data.
The benchmark point BMP5 is a representative of this generic, viable parameter region in
scenario of heavy sleptons.
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Figure 7.7. Exclusion limits in the MRSSM for the chargino and neutralino production
assuming light staus as a function of the two higgsino mass parameters µd,u.
The violet (blue) region marks the 90% (95%) C.L. exclusion limits given by
CheckMATE, each denoted by 1−C.L.. The left plot has light right-handed slepton
masses of 100 GeV. In the right plot only the right-handed stau mass is fixed to
100 GeV. All other parameters are set to the values of BMP5. Most importantly,
the Dirac wino mass is set to MDW = 500 GeV.
From the plot on the left of fig. 7.6 it is clear that the limit on the higgsino masses is
almost independent of the wino-triplino mass MDW , excluding masses below around 300 to
350 GeV. The limit for MDW in the case of heavier higgsinos is rather weak, excluding only
masses upto 150 to 200 GeV. As described earlier, the wino-triplino decays predominantly
into Higgs bosons and LSP, with the Higgs boson predominantly decaying further into b
quarks. The experimental analyses used here are not sensitive to this as there is no signal
region yielding a good exclusion power for such a final state.
Assuming that the wino-triplino mass MDW has no strong influence on the exclusion
bounds of the other parameters, the right plot of fig. 7.6 shows the limits when the
higgsino masses µd and µu are varied independently.
Two additional regions in parameter space at higgsino masses around 150 GeV are not
excluded by the considered LHC searches. The second-lightest neutralino and lightest
chargino, which are produced predominantly, have masses just above the sum of LSP
and Z/W boson mass. Hence, their decay products become rather soft. This makes is
difficult to separate the signal events from the background of standard on-shell W/Z/Higgs
production and decay and the analyses cuts are not as efficient as for higher masses. In
contrast, for the very low higgsino masses there is no allowed two-body decay and all decay
modes of the charginos and neutralinos are three-body decays. The kinematic variables of
a three-body decay do not have the signature of a resonance and can be separated from
an SM boson decay. Hence, the background for the lepton searches is reduced and the
exclusion power enhanced.
The exclusion contours depend on the two (R)-higgsino mass parameters µd–µu in
the scenario of light right-handed staus are presented in fig. 7.7. In the left panel, all
left-handed sleptons are chosen to be heavy, above a mass of 500 GeV, and the masses
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of the right-handed selectron and smuon are set to the right-handed stau mass. In the
right plot the scenario, where all the additional sleptons are rather heavy, above 500 GeV, is
shown. For both plots there is an interesting non-excluded region with very small µd , below
around 150 GeV. This is consistent with the discussion for fig. 7.3 and the corresponding
not excluded low-mass region found there. Moreover, when the masses of the charginos
and neutralinos become to heavy the signal regions lose their exclusion power, depending
on the on the exact decay patterns at different limits, as described below. From these
considerations is becomes clear that in the scenario of light staus two distinct viable
parameter regions are viable, one with very small µd and one with larger µd . These two
regions are represented by the two benchmark points BMP4 and BMP6.
The region for µd between around 150 and 400 GeV corresponds to the excluded
parameter space in fig. 7.3, in which the decay of the higgsino into stau is dominant, and
is excluded. Small differences in the ranges of the exclusion bounds between left plot in
figure 7.3 and 7.7 can be attributed to the differences of the mass parameter µd and the
actual pole masses mχ02 .
Additionally, the region with the up-(R)-higgsino mass parameter µu less than roughly
300 GeV is excluded, if all right-handed sleptons are light. The mixing of the up-(R)-higgsino
with the singlino-bino allows for it to decay notably into all slepton flavors in the same rate
in addition to the decays into Z and Higgs boson. Therefore, the branching fraction into
selectrons and smuons is enhanced which yields a higher efficiency of the experimental
analyses. This is contrary to the behavior of the down-(R)-higgsino, as described before.
Here, large tanβ suppresses mixing to the singlino-bino and the large tau Yukawa coupling
gives rise to a predominant decay rate into staus.
In the case of heavy sleptons of the first two generations, the exclusion power on µu
is very weak as the decay to Z and Higgs boson have comparable branching ratios. As
discussed before, the signal regions of the considered analyses have a low exclusion power
in the case of large branching factions into Higgs bosons.
7.4. SUMMARY
In this chapter an overview of the MRSSM physics at the LHC with focus on the electroweak
sector, namely the sleptons and charginos and neutralinos, has been given. The findings
are summarized in the following.
Should sleptons be produced at the LHC a similar result as in the MSSM can be derived
as shown in fig. 7.5. In general, left-handed sleptons are constrained more strongly than
right-handed ones. Using the results of Run 1 this means an upper limit of 300 GeV can be
put on the mass of the left-handed and 250 GeV on the mass of the right-handed sleptons.
A region close to the mass degeneracy with the LSP can not be excluded because of the
kinematics of the decay.
In the case of charginos and neutralinos the issue is more complex as in general the
MRSSM sector contains more degrees of freedom as in the MSSM. Furthermore differ-
ences in the coupling structure and the Dirac nature of neutralinos lead to a more complex
comparison. As a result, a clear difference in the LHC phenomenology of MSSM and
MRSSM can be found as exemplified by tab. 7.4.
When considering the light singlet scenario and its benchmark points the findings can
be summarized as follows. Several distinct parameter regions still allowed by LHC Run 1
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electroweak searches have been found, illustrated by the three benchmark points BMP4,
BMP5 and BMP6. As the light singlet scenario is used as the foundation of this study
these regions all have a light bino-singlino state as LSP in common. The wino-triplino mass
parameter MDW plays no important role for the LHC exclusion limits and is chosen to be in
the range of 400–600 GeV for the benchmark points. From dark matter considerations the
need for a light stau arises. Therefore, two regions include a light right-handed stau with a
mass of around a 100 GeV and a down-higgsino with a low mass of also around 100 GeV
or a high mass above 400 GeV. The third region is defined by generally heavy sleptons and
higgsinos with masses above around 300 GeV.
An overview of the LHC physics of the other MRSSM sector is given in sec 7.2.1. It
shows that the MRSSM offers a rich phenomenology to be explored at the LHC if it is
indeed a valid description of nature.
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8. EXPLORING THE PARAMETER
SPACE
The phenomenology of the MRSSM has been studied from various vantage points in
the previous chapters. The effects of individual parameters on Higgs (chapter 4) and
electroweak precision (chapter 5) observables as well as constraints from dark matter
(chapter 6) and LHC (chapter 7) searches have been determined and investigated using the
benchmark scenarios defined in chapter 3.
It is of interest to combine the different experimental constraints and study the interplay
of the observables on different parameter combinations. This allows to identify parameter
regions which are viable when taking into account all constraints and can be used as
foundation for further studies and to make definite model predictions for new physics.
In the first part of this chapter, the interdependence of the SM-like Higgs and W boson
mass is examined in the normal ordered scenario, this is based on refs. [144, 145]. Next,
the parameter space of the light singlet scenario is explored not only taking into account
the Higgs and W boson masses but also results from dark matter studies. This was first
presented in ref. [146].
The benchmark points of the normal ordered scenario were introduced in ref. [145]
and updated in [144]. There, Higgs and electroweak observables were studied and the
benchmark points represent regions of parameter space favored by these constraints. The
inclusion of dark matter constraints actually disfavors the selected benchmark points as
the bino-singlino is not the dark matter candidate. This will be rectified in the last section
showing how the benchmark points BMP1, BMP2 and BMP3 can be adapted to the dark
matter constraints found in chapter 6.
8.1. CONSTRAINING THE NORMAL ORDERED SCENARIO
To obtain the correct mass of the SM-like Higgs boson it has been shown in chapter 4 that
at least some of the superpotential parameters λd , Λd , λu and Λu should in magnitude
be close to unity and a certain mass splitting between the scalar and fermionic sector is
required.
Effects from the additional MRSSM states on the electroweak precision observables
and the W boson mass are mainly driven by these new superpotential couplings and the
101
8. Exploring the parameter space
oblique parameters are sensitive to how close the masses of the superpartners are to the
mass scale of the electroweak symmetry breaking.
The combined dependency of the SM-like Higgs and W boson masses on several param-
eter combinations is shown in figs. 8.1 to 8.3. The observables are given as golden-green
contour regions for the Higgs boson mass and black contour lines for the W boson mass.
Investigating different parameter combinations for all three benchmark points allows to
sample different tanβ regions. White regions denote regions where tachyonic states in
the mass spectrum appear.
In fig. 8.1 the impact of the Yukawa-like λ and Λ parameter on the Higgs and W boson
mass and their interdependence is shown. It was pointed out in the corresponding
chapters how these parameters affect the masses. For mH1 the dependency is clear
from the tree-level result (4.3) and the contributions from the effective potential (4.7).
The mW dependency can be grasp from the S, T and U oblique parameters using the
approximation (5.24) given by eqs. (5.28) to (5.35).
On the left side of fig. 8.1, λu and Λu are varied against each other. The W boson mass
dependency is given in form of ellipses around a minimal value for these parameters. This
is consistent with the result of chapter 5. The main contributions to the W boson mass
are given by the neutralinos and charginos through the T parameter, see eqs. (5.24) and
fig. 5.3. The oblique parameter T depends similarly on λu and Λu to the fourth power, see
eqs. (5.31) and (5.32). The minimum in fig. 8.1 is not exact at λu,Λu = 0, but it can be seen
from fig 5.3 that non-oblique corrections shift it to non-zero values.
The Higgs boson mass depends mainly on Λu, which couples the triplet to the Higgs
boson. This can be explained with the quartic dependency shown by the effective potential
contribution (4.7) and the rather large triplet mass required to ensure a small vT . The
singlet parameter λu becomes only important for the Higgs boson mass with values above
unity. Due to the high sensitivity of both masses on the superpotential parameters, the
region where both experimental constraints are satisfied is rather small, but agreement
with experiment is possible.
The right side of fig. 8.1 shows how tanβ influences the relative contributions from up-
(λu) and down-type (λd ) parameters. For BMP1 (top plot) with tanβ = 3, λd affects the
size of mH1 depending on its sign and magnitude. With rising tanβ, this effect vanishes
and the Higgs boson mass becomes approximately constant with regard to λd for BMP3
with tanβ = 40. This originates from the fact that the up-type parameters generally are
accompanied by vu, while the down-type parameters appear together with vd which is neg-
ligible for large tanβ. For tanβ  1, λu and Λu give therefore the dominating contributions
compared to λd and Λd . The W boson mass has a similarly stronger dependency on λu, as
the corresponding vev has to be inserted in eq. (5.32).
Fig. 8.2 forms the basis to investigate the dependence of the Higgs and W boson masses
on the dimensionful superpotential parameter µu and the Dirac mass terms MDB and M
D
W .
On the left side of fig. 8.2, µu and MDW are varied against each other. The Higgs boson
mass has an elliptic dependency on the parameter combination with the maximum for
both parameters at zero. This is understandable from the loop corrections (4.7) depending
on the ratio of Dirac masses to soft breaking masses, which is maximized if µu and MDW
are close to zero. The vector-like limit for the neutralino and chargino contributions (5.33)
can be used to understand the dependency of the W boson mass. For increasing mass
parameters the actual suppression of the T parameter with large scales is most important.
The right panels of fig. 8.2 highlight the dependency on the Dirac masses MDB and
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MDW . For BMP3 (bottom panel), M
D
B is not important for either observable as the singlet
Yukawa-like parameters are close to zero. Any contribution containing MDB is therefore
suppressed by small prefactors. The dependencies for BMP1 and BMP2 are comparable
to each other. The T parameter contributions are reduced for larger Dirac mass terms,
see eqs. (5.31) and (5.32), leading to a reduction of mW . The same is true for mH1 , as the
logarithms of the loop contributions (4.7) are reduced for larger fermonic mass parameters.
The exact behavior depends on the size of the λ and Λ couplings. For BMP1 both categories
are of similar size; while λd and λu are larger for BMP2, they are close to zero for BMP3.
The shift of the Higgs boson mass maximum away from zero mass parameters for BMP1
and BMP2 originates from the cancellation of λuµu with g1MDB in the tree-level mass
formula (4.3).
The Higgs boson mass prefers small values for the Dirac masses, except for BMP2, while
the W boson prediction coincides with experiment for large values of the mass parameters.
Still, regions in parameter spaces where both constraints are satisfied can be found. The
Yukawa-like superpotential parameters and Dirac masses can be varied against each other
to bring the constraints from the Higgs and the W boson masses in compliance. This is
shown by the plots of fig. 8.3. On the left side of the figure, λu and µu are altered and
it becomes apparent that it requires negative values for λu to bring both constraints into
agreement. BMP3 is the exception to this as for this benchmark point Λu is already large
enough to achieve the correct Higgs boson mass by its contributions alone. Then, the size
of the other superpotential couplings like λu needs to be smaller than one so that neither
the Higgs nor the W boson mass becomes too large. As stated before, mH1 prefers smaller
µu while mW has a minimum at rather large values (The position of the minimum depends
on the exact value of MDB , see fig. 8.2).
The variation of Λu against MDW is depicted on right side of fig. 8.3. The Higgs boson
mass shows only a mild dependence on MDW compared to µu and M
D
B . This is because
the relevant logarithm in the effective potential contribution (4.7) includes MDW and also
m2T , which is chosen to be large for all benchmark points. Then, a change in M
D
W on the
scales investigated here has only a small influence. The dependence of mW on MDW is
more complex. In the regions where the magnitude of Λu is moderate the S parameter can
be as large as the T parameter, see fig. 5.2, and contributes with a minus sign to the W
boson mass (5.24) leading to a reduction of it.
Both mass observables rise steeply with Λu and the region where both constraints
are satisfied is rather narrow. Hence, both masses can be brought into accordance with
experiment by shifting Λu to achieve the correct Higgs boson mass and then adapt MDW for
the correct mW .
All these figures show that an appropriate range for the input parameters exists to arrive
at the experimental value for the W and Higgs boson masses separately, but there are only
certain regions were both, mH1 and mW , are in simultaneous agreement with experiment.
In these regions, at least one λ or Λ parameter has a magnitude close to −1, which
enhances the loop corrections to obtain the Higgs boson mass. Large scalar masses are
required to reduce the contributions to the T parameter and, together with moderate Dirac
masses, contribute crucially to the effective potential.
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mH1 [GeV]
Figure 8.1. Shown are the SM-like Higgs boson mass, given by the color contours, and
the W boson mass, given by the labeled black contour lines for different
combinations of superpotential couplings. The other parameters are set to
BMP1, BMP2 and BMP3 for the top, middle and bottom row, respectively. The
benchmark point is marked by a star in each plot.
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50 100 117 122 128 133 150 200
mH1 [GeV]
Figure 8.2. Shown are the SM-like Higgs boson mass, given by the color contours, and
the W boson mass, given by the labeled black contour lines for different
combinations of µu and Dirac mass parameters. The selection of benchmark
points is as in fig. 8.1.
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50 100 117 122 128 133 150 200
mH1 [GeV]
Figure 8.3. Shown are the SM-like Higgs boson mass, given by the color contours, and
the W boson mass, given by the labeled black contour lines for different
combinations of Dirac mass parameter and superpotential couplings. The
selection of benchmark points is as in fig. 8.1.
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8.2. CONSTRAINING THE LIGHT SINGLET SCENARIO
The light singlet scenario exemplified by BMP4, BMP5 and BMP6 provides an interesting
phenomenology to be studied at the LHC. The relevant parameters are already constrained
to accommodate existing experimental results. The most important constraints are, as in
the normal ordered scenario, the Higgs and W boson masses. Additionally, dark matter relic
density and direct detection limits put severe restrictions on certain parameters. These
four constraints are summarized in Fig. 8.4. Like in the section before, the SM-like Higgs
boson mass is given by the green-yellow color bands, while black full contour lines give the
W boson mass. The blue dashed lines show the DM relic density, while the violet region
is excluded with 95% C.L. by direct detection searches. All panels are based on BMP5,
except for the bottom-right one, where BMP4 is used.
The model contains a light singlet-like Higgs boson if the parameters mS, MDB and λu
are fixed to comparably small values. The SM-like Higgs boson mass is then increased via
mixing at tree level compared to the normal ordered scenario, but positive loop corrections
governed by Λu are still required to drive the mass to the experimentally observed value.
Consequently, Λu is fixed by the Higgs mass measurement and MDB and µu are con-
strained due to the mixing with the singlet. As discussed for the normal ordered scenario,
the W-boson mass can be explained simultaneously with the SM-like Higgs boson mass.
Fig. 8.4 confirms that this is still the case in the light singlet scenario.
The Dirac bino-singlino as the LSP leads to the correct dark matter relic density if other
states, especially the right-handed stau, are in a suitable mass range. If the LSP mass is
close to half of the Z boson mass all sleptons must be as heavy as for BMP5, else the
annihilation would be too effective. This resonance behavior is evident in the top left panel
of fig. 8.4. If the LSP mass is not close to half of the Z boson mass, the right-handed stau
must be light, as it is for BMP4 and BMP6. As µu and µd appear in the neutralino mass
matrix , they affect the LSP mass and, hence, also the relic density via mixing. This is
evident in the right column of fig. 8.4. The effect is especially concise as for the underlying
BMP5; a small change in the LSP mass leads to a large change in the relic density.
Null searches for dark matter and negative LHC searches for SUSY states constrain the
parameter space further. As shown by the top right of fig. 8.4, m2q̃R ;1,2 and µu are correlated
by dark matter searches due to the interference between the contributing processes
described in chapter 6. Together with the observed Higgs boson mass, these searches
constrain both µu and m2q̃R ;1,2 significantly. A lower bound on µu can be inferred if the lower
limit on the squarks masses from LHC searches is included. This bound is not impaired by
other parameters of the weak sector like Λu, see the bottom left of fig. 8.4.
The recast of LHC analyses in chapter 7 brought out three interesting parameter regions.
They are exemplified by the three benchmark points BMP4, BMP5 and BMP6. Evidently,
the region characterized by heavy MDW , µd and sleptons (BMP5) is still viable. Moreover, a
second region with a small right-handed stau mass of around 100 GeV (BMP6) and a third
with light right-handed stau and small µd (BMP4) are also still conceivable. As explained
in chapter 7, these two regions are allowed because the Run 1 LHC searches are not
restrictive for these mass hierarchies. The last region is also not disfavored by the other
constraints as portrayed by the bottom right plot of fig. 8.4. Parameter regions with rather
small µu are also allowed by LHC searches, however they are excluded by dark matter
constraints.
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p value for direct detection
Figure 8.4. Shown are the SM-like Higgs boson mass (color contours), the W boson
mass (black full lines), the dark matter relic density (blue dashed lines) and the
regions excluded by dark matter direct searches (violet region), where the red
line marks the 95% C.L. exclusion. For the top row and the left panel of the
bottom row all other parameters are set to the BMP5 values, for the right plot
on the bottom row to the ones of BMP4.
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8.3. THE NORMAL ORDERED SCENARIO AND DARK MATTER
The benchmark points BMP1, BMP2 and BMP3 have originally been defined without
considering constraints from dark matter. To achieve agreement with dark matter results,
further dependencies have to be studied. In the following, these benchmark points are
adapted to satisfy all data. Many of the model parameters are then strongly constrained in
order to accommodate the dark matter observables. The modifications can be characterized
as follows:
• The µu and µd parameters of all points are lifted to 650 GeV to satisfy dark matter
direct detection limits.
• The λ superpotential parameters are also affected by DM direct detection and need
to be close to zero as is be discussed below.
• To achieve the correct DM relic density, the mass of the bino-singlino is reduced for
BMP1 to 170 GeV as annihilation via sleptons is the dominant channel and requires
an LSP which is lighter than 350 GeV.
• The right-handed stau soft mass for BMP1 and slepton soft masses for BMP3 are
reduced close to the LSP mass to 200 GeV and 300 GeV, respectively, for an effective
annihilation process.
• BMP2 is chosen to represent the region of wino-triplino coannihilation with the LSP.
• The Λ superpotential parameters are adapted to compensate changes in the Higgs
and W boson mass bringing them near the experimental value.
The adapted BMP1, BMP2 and BMP3 are denoted as BMP7, BMP8 and BMP9, respectively.
Tab. 8.1 summaries the exact numerical changes for the three benchmark points. With the
plots in fig. 8.5, several aspects of the dark matter constraints are investigated in more
detail. The panels show, as before, the Higgs and W boson mass and, additionally, the
dark matter observables, the relic density as blue line and the direct detection exclusion as
violet region, where a red line marks the 95% C.L. exclusion limit. In the top left plot, λu is
varied against µu = µd ; the other parameters are chosen as for BMP7. It is clear that λu
actually has to be small to achieve agreement with the direct detection limit in agreement
with the Higgs boson mass. This is required to constrain the singlino-higgsino mixing, see
the neutralino mass matrix C.26. As known from the light singlet scenario, µu should be
larger than 550 GeV. If it becomes too large, tension with Higgs and W boson masses
arises and this limits the higgsino mass parameters to the range of roughly 550 to 700 GeV
in this example.
For BMP8 co-annihilation of the LSP with the wino-triplinos is used as mechanism to
realize the correct dark matter relic density. This is shown in the top right panel of fig. 8.5,
where Λu is varied against the relevant mass parameter MDW . The direct detection exclusion
bound marks the region where a charged wino-triplino becomes actually the LSP. This is
completely disfavored by experiment. The relic density is only close to the experimental
value in the region, where the wino-triplino mass is close to the LSP mass as expected from
co-annihilation. The dependency of the relic density on Λu originates from mixing between
the wino-triplino and the higgsinos, which it induces in the neutralino mass matrix (C.26).
This mixing affects the mass of the state needed for co-annihilation significantly. The W
boson mass is only slightly and the Higgs boson mass is not at all affected by MDW . It is
therefore possible to bring these masses close to their observed value by adjusting Λu after
MDW is fixed.
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BMP7 BMP8 BMP9
based on BMP1 BMP2 BMP3
λd , λu 0.0, −0.1 0.3, −0.3 0.15, −0.15
Λd , Λu −1.35, −1.35 −1.0, −1.25 −1.0, −1.15
MDB 170 450 250
MDW 500 446 500




2, 2002 10002, 10002 3002, 3002
vS 0.86 0.25 −0.43





Table 8.1. Shown are the changes to the benchmark points of the normal ordered scenario
from tab. 3.1 to arrive at the benchmark points in agreement with all considered
observables. Dimensionful parameters are given in GeV or GeV2, as appropriate.
The last part shows the derived parameters.
For BMP9, exemplified in the bottom panel, annihilation through the right-handed slepton
channel is used to achieve the observed DM relic density. The unified slepton masses
are changed to be close to the LSP mass but in a range not excluded by LHC data. This
fixes the dark matter constraints independently of Λu for this annihilation scenario. The
DM direct detection exclusion limit is only of relevance if the stau mass is so low that it
becomes the LSP, which is clearly disfavored. Then, Λu can be fixed to a value so that the
correct Higgs and W boson masses are achieved.
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p value for direct detection
Figure 8.5. Shown are the same observables as in fig.8.4. The unvaried parameters are
set to the benchmark points BMP7 (top, left), BMP8 (top, right) and BMP9
(bottom).
111
8. Exploring the parameter space
8.4. SUMMARY
All the constraints presented in earlier chapters have been brought together in this chapter
to study the parameter space of the MRSSM and the interplay of the different observables
in detail. It has been shown that each experimental input imposes non-trivial bounds on
the parameter space. When studying the correlations of different constraints, the analysis
establishes that concrete regions are viable after taking all constraints into consideration.
The preferred parameter regions can be characterized as follows:
• The LSP and hence DM candidate is a Dirac bino-singlino. If no coannihilation with
other neutralinos and charginos takes place, it is lighter than 300 GeV, requiring at
least the right-handed stau to be close in mass. Including coannihilation effects the
mass can go up to at least 500 GeV; further study is required to verify an extended
range. The bino-triplino is required to be close in mass for coannihilation putting a
bound on MDW . The limit on the LSP mass provides the bound on the Dirac mass M
D
B .
• It is possible to have a singlet-like Higgs boson lighter than the SM-like Higgs boson
in the MRSSM. The singlet soft breaking mass m2S must than be below ≈ 100 GeV.
The Dirac mass parameter MDB also enters the singlet mass prediction and is required
to be below ≈ 55 GeV. If no light singlet is needed as prediction of the model these
bounds are removed.
• For tanβ  1, the superpotential coupling Λu is required to be close to −1. If tanβ
is close to one, this is also true for Λd . This size is required to achieve the correct
SM-like Higgs boson mass. The W boson mass does not allow larger magnitudes as
it would receive too large contributions.
• The triplet soft breaking mass m2T needs to be sizable to reduce the triplet vev
vT and hence the tree-level contribution to mW . Furthermore, a certain hierarchy
between the scalar mass mT and the fermionic mass MDW is necessary for the loop
contributions to the Higgs boson mass to be large enough.
• The superpotential couplings λd and λu are required to be close to zero to ensure a
reduced higgsino content of the LSP. In the light singlet scenario this also prohibits
too large singlet-doublet mixing.
• The superpotential mass parameter µu is restricted by dark matter direct searches
to be larger than ≈ 550 GeV. This also satisfies the Run 1 LHC limits. To arrive at
the correct Higgs boson mass, µu must not be too large, roughly above one TeV. For
tanβ ≈ 1 these restrictions are also true for µd ; it is unconstrained for larger values
of tanβ.
• The squark and scalar octet masses as well as the Dirac gluino mass are constrained
by direct LHC searches, which goes beyond the extent of this work, but see for
example refs [205, 250]. The squark masses are also restricted indirectly by dark
matter searches and the exact limit depends on the size of µu and µd .
• All other electroweak scalar soft breaking masses need to be sizable enough to
escape current collider limits. They may still lead to states accessible by extended
LHC runs.
The status of all benchmark points with regard to the observables studied within this thesis
is given in tab. 8.2. Each of BMP4, BMP5, BMP6, BMP7, BMP8 and BMP9 represents a
viable parameter region and shows a distinct phenomenology also accessible by the LHC.
Therefore, not to put too fine a point on it, the MRSSM provides meaningful predictions
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BMP1 BMP2 BMP3 BMP4 BMP5 BMP6 BMP7 BMP8 BMP9
mH1 125.2 125.6 125.4 100 94 95 126.1 125.9 123.7
mH2 897 937 1245 126.1 125.6 125.8 906 948 1242
mW 80.396 80.382 80.386 80.384 80.391 80.40 80.400 80.384 80.391
mχ01 415 413 251 49.8 43.9 29.3 251 452 251
mχ02 420 422 408 132 401 422 535 479 533
mτ̃R 1003 1006 998 128 1000 106 202 1003 307
passes HiggsBounds X X X X X X X X X
Ωh2 0.02 0.02 2.11 0.12 0.09 0.13 0.14 0.14 0.11
HiggsSignals p-value 0.79 0.80 0.82 0.77 0.78 0.73 0.79 0.78 0.81
DM p-value < 10−10 < 10−10 < 10−10 0.95 0.46 0.18 0.55 0.95 0.99
LHC CLs 0.89 0.99 0.50 0.74 0.41 0.30 0.91 0.99 0.82
Table 8.2. Given are the relevant observables for all benchmark points defined in this thesis. The first part gives the important masses including
those necessary for dark matter constraints, In the middle section the passing of all of the HiggsBounds limits is denoted and the value
for the relic density is given. The last three rows give the p-values for the Higgs observables from HiggsSignals and respective direct




The MRSSM is a supersymmetric extension of the SM. In contrast to the minimal super-
symmetric extension, the MSSM, it also contains R-symmetry. This additional symmetry
leads to distinct differences between the predictions of both models. While the physics
of the MSSM has been extensively studied by many groups, the phenomenology of the
MRSSM is not as well understood. Within this thesis the effort to rectify the situation in
several directions has been described.
One of the most important predictions of every SUSY model is the mass of the SM-like
Higgs boson. It has been shown that the MRSSM can accommodate the experimental
value for the mass of the recently discovered candidate for the Higgs boson. This is viable
even as relevant mechanisms of the MSSM are not available. Important novel contributions
arise from the extended field content and coupling structure of the model. The additional
Higgs bosons and their superpartners, coupled by the new Yukawa-like parameters λd , λu,
Λd and Λu, provide quantum corrections to raise the mass prediction of the Higgs boson
mass to the measured value.
With the discovery of the candidate for an SM-like Higgs boson at the LHC additional
measurements regarding its properties, like production cross section and decay patterns,
become available. In conjunction with the wealth of information from previous experiments
this allows to constrain the extended Higgs sector of the MRSSM and has been done in
this work. This analysis is especially interesting for scenarios with a phenomenology not
replicable by the MSSM. In the MRSSM, for example, this is the case if the singlet Higgs
boson is lighter than the discovered resonance. This case has been studied extensively
here and proven to be a viable scenario with a very distinct phenomenology.
A plethora of experimental data is available from studies of the electroweak sector.
Extending the field content of the SM, as every SUSY model does, generally influences
electroweak precision observables. The mass of the W boson is a prediction of the
calculation conducted here and relevant contributions can be parametrized by the precision
observables. Within this work these new effects were analyzed in detail and regions of
parameter space still allowed by the constraints identified.
Astrophysical evidence of dark matter is one of the major hints for physics beyond the
Standard Model and it is expected that a SUSY model provides a dark matter particle.
R-symmetry leads to a lightest stable supersymmetric state in the MRSSM which is a valid
candidate. It has been shown within this work that the bino-singlino as lightest neutralino
can satisfy constraints from the dark matter relic density over a wide mass range, from
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as low as 20 GeV up to more than 500 GeV. Relevant effects to achieve this require a
second-lightest SUSY state close in mass. This can be either a stau needed for annihilation
to taus or a wino-triplino if coannihilation effects are important. Furthermore, bounds from
direct detection experiments need to be included. This sets indirect bounds on the masses
of higgsinos above 600 GeV and squarks of the first generation above 1.5 TeV.
Considering all the previously discussed experimental evidence the MRSSM is not
excluded and still viable. The non-trivial bounds on the parameter space of the MRSSM
allow for meaningful predictions and tests of the model by current experiments.
The most direct tests of new physics available can be done at the LHC experiments by
producing new particles in the high-mass regime. The MRSSM contains several states that
could appear as such resonances. In the latter part of this thesis the electroweak sector of
the MRSSM, the sleptons, neutralinos and charginos, has been studied in detail. For this
study, results from Run 1 of the LHC have been used and limits on signal rates interpreted
in the context of the MRSSM. Then, a comparison to the interpretations within the MSSM,
usually done by the experimental collaborations, is possible. Some similarities, especially
for the sleptons, can be found, but distinct differences are evident for the charginos and
neutralinos. These changes stem from a variation of the couplings and the Dirac nature
of the MRSSM neutralinos. This leads to different exclusion limits on the masses of new
states.
The comprehensive study of the MRSSM phenomenology within this thesis has shown
that the MRSSM continues to be a valid description of nature. It has been possible to
constrain the parameter space of the model in a meaningful way and make predictions
for current experiments. Even as many different experimental inputs have been used to
achieve this results, several further avenues of research are still unexplored.
The study of dark matter can be expanded. It is not completely clear, in what mass range
of the dark matter state coannihilation fails as the relevant mode to obtain the correct relic
density. Also, the case of two-component dark matter containing the lightest neutralino
and R-Higgs boson may be a valid scenario in the MRSSM leading to an interesting
phenomenology distinct from the MSSM. It has to be checked if the dark matter relic
density can be predicted correctly and how direct detection searches are affected in this
scenario.
One of the main predictions of the MRSSM compared to the MSSM is the Dirac nature
of the neutralinos and gluino. The appearance of several heavy Dirac fermions at the LHC
is a strong indication for the realization of the MRSSM in nature. With additional fermionic
degrees of freedom SUSY predicts also new bosonic states. Hence, the extended Higgs
sector of the MRSSM also provides candidates for scalar resonances at the LHC. The SUSY
QCD sector is affected by R-symmetry due to the novel Dirac nature of the gluino and the
prediction of sgluons, scalar color octets. If accessible, squarks and gluinos of the MRSSM
may be produced in large abundance at the LHC. It is known that quantum effects to the
relevant processes need to be included for a meaningful prediction. This has not been done
before for the MRSSM and is of high interest as the Dirac gluino may lead to significant
differences when comparing results from the MSSM and MRSSM.
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A.1. CONVENTIONS
The natural unit system is used in this work setting c = ~ = 1. The metric tensor is chosen
in the time-like convention
gµν = diag(1, −1, −1, −1) . (A.1)












with εαβεβγ = δαγ .
A.2. TOOL OVERVIEW
For a comprehensive summary, an overview of all computer codes used to arrive at the
results presented within this thesis is given in the following.
• The Mathematica [279] package SARAH-4.8.5 [114–118] is used to generate all re-
quired tree-level expressions for the MRSSM. Furthermore, the source code for
SPheno-3.3.8 [106, 119] including Beta functions up to two-loop order as well as all
one-loop self-energies for the MRSSM is available through SARAH. It also contains the
implementation of a two-loop mass calculation for the Higgs bosons, see refs. [280–
282]. The output of the mass spectrum generator is given as SLHA-2 spectrum
file [120, 121].
• The generated SPheno code has been adapted to be in agreement with the equations
of this thesis. This affects the files SugraRuns_MRSSM.f90 and LoopCouplings_MRSSM.f90
where the variable ρ̂ has to be replaced by 1/ (1 − ∆ρ̂) in the calculation of the W
boson mass to match eqs. (5.5) and (5.10) where appropriate. Moreover, effects
from the light singlet Higgs boson are taken into account by implementation of the
replacement given by eq. (5.14) in the file SugraRuns_MRSSM.f90.
• The results for self-energies, especially the Higgs boson self-energies, have been
crosschecked using the Mathematica package FeynArts-3.7 [124] together with the
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package FormCalc-8.4 [125, 126]. This calculation relies on a FeynArts model file
with tree-level vertices of the MRSSM generated by SARAH.
• The SARAH/ SPheno code has been checked against results from FlexibleSUSY [122,
123]. This is an useful check for correct RGE running and one-loop self-energies.
Agreement up to implementational differences was achieved.
• The programs HiggsBounds-4.2.2 and HiggsSignals-1.4.1 [188–193] can be inter-
faced to SPheno by setting the appropriate flags in the SPheno input file: In the block
SPhenoInput the flags 11 and 76 are required to be set to 1. The file for the mass
uncertainties MHall_uncertainties.dat was created by hand. The used options for
HiggsBounds and HiggsSignals are given in section 4.3.
• The dark matter study has been done using MicrOMEGAs-4.1.8 [220–224] based on
CalcHEP [225, 226] together with LUXcalc-1.0.1 [227]. For this study, the SARAH gen-
erated CalcHEP model file was used. Also, the provided CalcOmega_with_DDetection.cpp
source file was adapted to include the LUXcalc C++ header and the code given in
section A.2.1 was appended to link MicrOMEGAs and LUXcalc. It also takes the Dirac
nature of the LSP into account.
• Simulation of MRSSM LHC physics was done using Herwig++-2.7 [270, 271, 283]
by interfacing the MRSSM UFO [269] model files created by SARAH. The production
of electroweak SUSY states at the LHC has been simulated at leading order and
compared with 8 TeV data using CheckMATE-1.2.0 [264]. The cross sections calculated
by Herwig++ were checked against MadGraph5 _ aMC@NLO [275] and agree up to
details of implementation.
• A framework was written in the Python programming language [284–286] that links
all the tools and allows for scans in the parameter space of the model. It is the
foundation for the research within this thesis.
A.2.1. MICROMEGAS AND LUXCALC INTERFACE
double b , mu, N, lnL ;
double s [ 2 ] ;
double M, xpSI , xnSI , xpSD , xnSD , GpSI , GnSI ,GpSD,GnSD, fp , fn , ap , an ,
sigmapSI , sigmanSI , sigmapSD , sigmanSD ;
LUXCalc_ In i t ( f a l s e ) ;
f o r ( i n t n = 0; n < 2; n++) {
LUXCalc_SetWIMP_mG (Mcdm, 2*pA0 [ n ] , 2*nA0 [ n ] ,
2*pA5 [ n ] , 2*nA5 [ n ] ) ;
LUXCalc_GetWIMP_mfa (M, fp , fn , ap , an ) ;
LUXCalc_GetWIMP_mG (M, GpSI , GnSI ,GpSD,GnSD ) ;
LUXCalc_GetWIMP_msigma (M, sigmapSI , sigmanSI ,
sigmapSD , sigmanSD ) ;
/* Do ra te c a l c u l a t i o n s . Af te r any change to the WIMP or ha lo
parameters , perform the ra te c a l c u l a t i o n s necessary f o r
s igna ls , l i k e l i h o o d s , and / or maximum gap s t a t i s t i c s . * /
LUXCalc_CalcRates ( ) ;
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s [ n ] = LUXCalc_Signal ( ) ;
}
cout << s [ 0 ] << " " << s [ 1 ] << endl ;
b = LUXCalc_Background ( ) ;
mu = 0.5* s [ 0 ] + 0.5* s [ 1 ] + b ;
N = LUXCalc_Events ( ) ;
lnL = −mu + N* log (mu) − lgamma (N+ 1 . 0 ) ;
std : : cout << lnL << endl ;
std : : cout << LUXCalc_LogLikel ihood () < < std : : endl ;
std : : cout << LUXCalc_LogPValue () < < std : : endl ;







= 118.5 Gµ = 1.1663787 × 10−5 GeV
−2
mt = 173.34 GeV m̂MSc (m̂
MS
c ) = 1.275 GeV m̂
MS
c (2 GeV) = 2.3 MeV
m̂MSb (m̂
MS
b ) = 4.18 GeV m̂
MS
s (2 GeV) = 2.3 MeV m̂
MS
d (2 GeV) = 2.3 MeV





In the following, the one-loop (β(1)i ) and two-loop (β
(2)
i ) renormalization group beta functions
of the parameters of the MRSSM are given. The equations are taken from the output
of SARAH calculated following refs. [287, 288]. The β functions are given without the
respective loop prefactors (16π) and (16π)2.
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B.2. BETA FUNCTIONS OF SUPERPOTENTIAL PARAMETER
B.2.1. TRILINEAR PARAMETERS
β(1)Yd =3Yd |Yd |





























2 − |λu|2Yd |Yu|2 −
3
2
|Λu|2Yd |Yu|2 − 4|Yd |4Yd
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− 2Yd |Yu|2|Yd |2 − 2Yd |Yu|4
+ Yd |Yd |2
(










































































































|Λd |2 + |λd |2
)
(B.9)
β(2)Ye = − 4Ye|Ye|
4 + Ye|Ye|2
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2 − 3|λd |4 −
15
4
|Λd |4 − |λd |2
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2 − 2|λu|2|λd |2


























































2 + 10g22 |Λu|
2 + 60|λd |4 + 105|Λd |4











































































2 + 10g22 |Λd |
2 − 6g21 |Λu|
2 − 110g22 |Λu|
2
+ 60|λu|4 + 30|Λd |4 + 20|λd |2
(
2|λu|2 + |Λd |2
)
+ 30|Λu|2|Λd |2 + 105|Λu|4
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2 + 40|λd |4 + 100|λ2u| + 30|Λu|
2|Λd |2
+ 75|Λu|4 + 4|λd |2
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β(1)µD = 2µD|λd |
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− 6g21 − 30g
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2 + 10|λd |
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+ 45m2hd |Λd |
2 − 45m2Rd |Λd |
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2 + m2q̃L |Yd |
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2Yu − 4Y †d m
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d̃R
|Yd |2Yd − 4|Yd |2m2q̃L |Yd |
2 − 4Y †d |Yd |
2m2d̃R Yd
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|Yd |2 + 6g22m
2
d̃R
|Yd |2 − 2|λd |2m2d̃R |Yd |















d − 4|λd |
2Ydm2q̃LY
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2m2d̃R − 2|λd |
2|Yd |2m2d̃R − 3|Λd |
2|Yd |2m2d̃R
− 8m2hd |Yd |
4 − 4m2hd |Yu|
2|Yd |2 − 4m2hu |Yu|
2|Yd |2
− 2m2d̃R |Yd |
4 − 2m2d̃R |Yu|
2|Yd |2 − 4Ydm2q̃LY
†
d |Yd |
2 − 4Ydm2q̃L |Yu|
2Y †d
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2|Yu|2 − 4m2hu |Yd |
2|Yu|2 − 8m2hu |Yu|
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− 2m2ũR |Yd |
2|Yu|2 − 2m2ũR |Yu|
4 − 4Yum2q̃L |Yd |
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C. THE MRSSM AFTER
ELECTROWEAK SYMMETRY
BREAKING
After EWSB the singlet and triplet vacuum expectation values effectively modify the
µ-parameters of the model, and it is useful to define the abbreviations





, µeff,0i = µi +
λivS√
2
, i = u, d. (C.1)
C.1. SCALAR POTENTIAL AND TADPOLE EQUATIONS



































































































) ∣∣∣h0dR0d ∣∣∣2 + (λ2u + 12Λ2u) ∣∣∣h0uR0u∣∣∣2 − (λdλu − 12ΛdΛu) (h0dR0dh0*u R0*u + h.c.)
The minimization conditions for the tree-level scalar potential are given as
0 = td = tu = tT = tS , (C.3)
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− g1MDB vS + g2M
D













+ g1MDB vS − g2M
D
W vT + m
2
hu

















u + 4(MDW )















u + 4(MDB )
2vS + m2SvS . (C.4)
C.2. MASSES OF THE HIGGS FIELDS
Using the tadpole eqs. (C.4), the pseudo-scalar Higgs boson mass matrix in the basis
(σd ,σu,σS,σT ) has a simple form (in Landau gauge)
MA =

Bµ vuvd Bµ 0 0
Bµ Bµ vdvu 0 0









































































































u + g2MDW )
)
.
The charged Higgs boson mass matrix in the weak basis (H−*d , H
+
u , T











































































































C.3. MASS MATRICES OF R-HIGGSES





































































It is diagonalized by an orthogonal matrix with mixing angle θR.
Because of the R-symmetry the charged R-Higgs bosons do not mix and the mass










































u ] . (C.10)
C.4. MASS MATRICES OF SQUARKS AND SLEPTONS
Due to their different R-charges, left- and right-handed sfermions do not mix and the sectors
can be diagonalised independently so that only 3 × 3 mixing and not the most general 6 × 6
mixing has to be considered.
SQUARKS
The down squarks have the two sets of gauge eigenstate basis d̃*iL, d̃jL and d̃*iR, d̃jR with
i , j ∈ {1, 2, 3}. Their respective mass matrices are given as
m2d̃Ld̃*L





















































d̃L/ R d̃*L/ R





C. The MRSSM after electroweak symmetry breaking









ZDR,ij d̃R,j . (C.14)
The up squarks have the two sets of gauge eigenstate basis ũiL and ũjR with i , j ∈ {1, 2, 3}.

























































ũL/ R ũ*L/ R
ZU,†L/ R = m
2,diag
ũ,L/ R (C.17)









ZUR,ij ũjR . (C.18)
SLEPTONS


























which is diagonalised by ZV :
ZV,†m2ν̃ν̃*Z
V = m2,diagν̃ (C.20)






ZVij ν̃Lj . (C.21)
The charged sleptons have the two sets of gauge eigenstate basis ẽiL and ẽjR with






















































ẽL/ R ẽ*L/ R




C.5. Mass matrices of neutralinos and charginos









ZER,ij ẽjR . (C.25)
C.5. MASS MATRICES OF NEUTRALINOS AND CHARGINOS
In the weak basis of eight neutral electroweak two-component fermions: ξi = (B̃, W̃ 0, R̃0d , R̃
0
u),
ζi = (S̃, T̃ 0, H̃0d , H̃
0

























The transformation to a diagonal mass matrix and mass eigenstates κi and ψi is performed
by two unitary mixing matrices N1 and N2 as
N1,*mχN2,† = mdiagχ , ξi =
4∑
j=1
N1,*j i κj , ζi =
4∑
j=1
N2,*i j ψj ,






i = 1, 2, 3, 4. (C.27)
The mass matrix of charginos in the weak basis of eight charged two-component fermions
breaks into two (2 × 2) submatrices. The first, in the basis ξ+i = (W̃


















The diagonalization and transformation to mass eigenstates λ±i is performed by two unitary
matrices U1 and V 1 as














V 1,*i j λ
+
j (C.29)






i = 1, 2. (C.30)
The second submatrix, in the basis ξ−i = (W̃
−, R−u ), ζ
+
i = (T̃
+, H̃+u ) of spinors with R-charge













C. The MRSSM after electroweak symmetry breaking
The diagonalization and transformation to mass eigenstates η±i is performed by U
2 and V 2
as
U2,*mρ−V 2,† = m
diag










V 2,*i j η
+
j (C.32)






i = 1, 2. (C.33)
The mixing between the different gauge eigenstates to the charginos and neutralinos
is normally not large so that the mass eigenstates are almost pure gauge eigenstates. A
naming convention following the MSSM is possible but should keep the Dirac nature of the
neutralinos in mind. Hence, depending on their predominant component also the mass
eigenstates are called bino-singlino, wino-triplino and up- and down-higgsino in this work.
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STATES FOR THE LIGHT SINGLET
SCENARIO
With the requirement of a light scalar boson with a mass below 125 GeV it is possible that
one or several of the new light states could become decay products of Standard Model
fields, especially the 125 GeV Higgs and Z boson. In the following, the possible decay
rates to those fields are discussed and it is shown that for the realistic parameter space
in agreement with Higgs observables in section 4.4 (and also dark matter as shown in
chapter 6) no problems or further constraints arise. In the following, it is assumed that
λu, λd , the doublet mixing into the lightest Higgs boson ZH11, Z
H
12 and the non-singlino-bino




14 are small and of similar magnitude, so that only
contributions with the lowest power in those parameters are dominant and need to be
discussed here.
Generally, for all decays considered, the decay rate into the new light particles are
suppressed in scenarios obeying LHC and dark matter bounds, as λu, λd are required to be
very small by the hierarchy (4.13). These parameters are responsible for the singlet-doublet
(singlino-higgsino) mixing and together with the requirements from HiggsBounds and
HiggsSignals in the mass region of interest they put very stringent limits on the mixing
matrix elements ZH11, Z
H
12. This can be also seen from figure 4.7, where (Z
H
12)
2 < 0.02 for
a considerable part of the parameter space. For the LSP, the rather large µu, µd required
by dark matter direct detection and the smallness of λu,d constrain the neutralino mixing
matrix elements N i13, N
i
14. Emphasis is put on the decay into a pair of LSP as this final state
contributes to the branching fraction into invisible states. The decay width for a two-body













with the matrix element |M|2 and a statistical factor S = 1/ 2 (S = 1) if the final state
particles are identical (not identical). The respective matrix elements are given the following.
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SM-LIKE HIGGS BOSON
Decay into light CP-odd state The decay of the SM-like Higgs to the singlet-like pseu-
doscalar is possible for masses below mA1 ≈ mS < 125 GeV/ 2. The matrix element for the









where α is the usual CP-even Higgs mixing angle diagonalizing the sub-matrix of the up-
and down-Higgs doublets. When using this angle in the MRSSM it is assumed that the
mixing with the singlet and triplet is negligible compared to the doublet mixing. In the large
mA limit of the MSSM the matrix element reduces to
|MH2→A1A1 |
2 α=β−π/ 2= v2
(
λ2d cos




The size of contribution in realistic scenarios is negligible as λ is limited very strongly as
discussed before.
Decay into light CP-even state The matrix element of the decay of the SM-like Higgs
to a pair of singlet-like scalars is a more complicated as, unlike in the CP-odd case, mixing







































where Mφ is the scalar Higgs mass matrix and ZH the scalar mixing matrix. The first line
describes the contribution given by the decay of the doublet components in the heavier
Higgs boson to the singlet component of the light one and is comparable to the expression
for the CP-odd Higgs as decay product. The first two terms of the second line originate
from the contributions of a doublet component of the heavier Higgs decaying to a doublet
and a singlet component of the lighter Higgs. The last term of this line and the last line
stem completely from the doublet components. As described for the CP-odd case, λ
contributions are negligible. The other contributions can be estimated to be of similar
size, as for the relevant mass region of mH1 < 60 GeV HiggsBounds limits the doublet
components of the lightest state ((ZH11)
2, (ZH12)
2) to at most two percent as given by fig. 4.7;
the off-diagonal scalar mass matrix elements Mφ13, M
φ
23 are suppressed compared to v
2
by a similar magnitude.
Decay into LSP For the decay of the SM Higgs boson into a pair of LSPs the matrix





































This can be compared to the MSSM matrix element∣∣∣MMSSMH2→χ1χ1∣∣∣2 = 2(m2H1 − 4m2χ1 )(g1N11 − g2N12)2(N13 sinα + N14 cosα)2 . (D.6)
This matrix element contributes to the invisible decay of the Higgs boson, but as the
higgsino content of the LSP N i13 and N
i
14 necessarily enters, it is too small be experimentally
significant. The experimental upper limit for the branching ratio of invisible decay of the SM
Higgs boson is at the moment at BRup = 0.28 at 95% C.L. [289]. The branching ratios for
the characteristic benchmark points are BRinv = 4 · 10−7, 4 · 10−6, 5 · 10−6 for BMP4, BMP5,
BMP6, respectively.
DECAY OF THE Z BOSON INTO LSP
For completeness also the decay of Z boson to light MRSSM states is included. The Z
boson does not couple to a singlet scalar or pseudo-scalar, hence only the decay into
the LSP needs to be discussed here. The decay width of the Z boson was studied very
precisely at LEP, hence it needs to be ensured that the MRSSM satisfies the experimental
constraints. The invisible partial width was measured to be Γinv = 499 ± 1.5 MeV [98].
Therefore, the partial width to LSPs needs be below one MeV to be compatible with
experiment.
The Z boson couples to the LSP only through the (R-)higgsino components. The matrix
element of the decay is given as∣∣∣MZ→χ01χ̄01∣∣∣2 = g222 cos2 θW m2Z (Z21,3−4 + Z22,3−4) − m2χ1 (Z21,3−4 + Z22,3−4 − 6Z1,3−4Z2,3−4) , (D.7)
where Zi ,3−4 = (N i13)
2 − (N i14)
2 is the difference of the mixing matrix elements squared for
the mixing of the bino with the down- and up-R-higgsino (singlino with the down- and
up-higgsino) when i = 1 (i = 2). If the mixing is similar, e.g. Z1,3−4 = Z2,3−4 = Z3−4, this
simplifies to ∣∣∣MZ→χ01χ̄01∣∣∣2 Z1,3−4≈Z2,3−4= g22cos2 θW (m2Z + 2m2χ1 )Z23−4 . (D.8)
This can be compared to the MSSM result∣∣∣MMSSMZ→χ01χ01∣∣∣2 = g22cos2 θW (m2Z − 4m2χ01 )Z23−4,MSSM , (D.9)
where Z3−4,MSSM = (N13)2 − (N14)2 is similarly defined as the difference of squared matrix
elements of the higgsino mixing in the LSP. The difference to eq. (D.8) comes from the
Dirac nature of the LSP in the MRSSM. It has to be noted as stated before that the structure
of the neutralino mixing matrices in the usual MSSM and MRSSM are quite different as
the µ terms of the MRSSM appear on the main diagonal of the mass matrix.
For illustration the limit tanβ  1, λu = 0, and µu  MDB , g1v can be used for the
neutralino mass matrix to deduce a simplified expression for Zi ,3−4 + Z2,3−4.. Then, the
direct mixing between up-higgsino and bino is dominant and the relevant mixing matrix
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elements can be approximated as






Assuming a similar size for the mixing
Z1,3−4
































For BMP5 and BMP6 the partial widths are then 5 · 10−3 MeV and 1 · 10−2 MeV, respectively,
well below the experimental uncertainty of the invisible Z boson width. The LSP of BMP4
is too heavy to be a decay product of the Z boson.
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